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The discovery in 2000 that the ferromagnetic (FM) compound UGe2 (TCurie = 52 K at ambient pressure) becomes
superconducting under a pressure of P = 1.1 GPa until it enters the paramagnetic (PM) phase above Pc = 1.6 GPa was a
surprise, despite the fact that such a possibility was emphasized in theory four decades ago. Successive searches for new
materials (URhGe and UCoGe) led to the discovery of the coexistence of superconductivity (SC) and ferromagnetism
at ambient pressure. Furthermore in UCoGe, it was found that SC survives in the PM regime from Pc = 1.1 to 4 GPa.
The novelty is that SC also emerges deep inside the FM regime but with strong FM fluctuations. Focus has been on
low-temperature experiments under extreme conditions of magnetic field (H), pressure, and uniaxial stress. NQR and
NMR experiments are unique tools to understand the interplay between the spin dynamics and the Cooper pairing. We
choose to present the SC properties from the knowledge of quasiparticle dressing in the normal phase (renormalized
band mass, mB plus the extra dressing originating from FM fluctuations, m∗∗). In UGe2, strong interplay exists between
Fermi surface (FS) reconstructions in the cascade of different FM and PM ground states and their magnetic fluctuations.
Similar phenomena occur in URhGe and UCoGe but, at first glance, the SC seems to be driven by the FM fluctuations.
The weakness of the FM interaction in these two compounds gives the opportunity to observe singular features in
magnetic field scans depending on their field orientation with respect to the FM sublattice magnetization (M0). We will
show that for UCoGe, which has the smallest ordered moment, a longitudinal field scan (H ‖ M0) leads to a drastic
decrease in the FM fluctuations with direct consequences on SC properties such as the upward curvature of the upper
critical field. A transverse field scan (H ⊥ M0) leads to suppression of the Curie temperature, TCurie; the consequence is
a boost in FM fluctuations, which leads to a reinforcement of SC. Contrary to the two examples of Ising FM UGe2 and
UCoGe, the singularity in URhGe is the weakness of the magnetocrystalline term between the choice of ferromagnetism
along the c- or b-axis; the most noteworthy feature is the detection of reentrant SC on each side of the H switch at
HR from the c easy axis of magnetization to the b-axis. All the experimental results give evidence that the SC in these
three materials originates from the FM fluctuations, which are amplitude modes of magnetic excitations in the FM
state. Spin-triplet pairing has been anticipated in the FM superconductors and was actually observed by Knight-shift
measurements in the SC state of UCoGe. Their fascinating (p, T , H) phase diagrams are now well established. Of course,
a new generation of experiments will elucidate subtle effects by obtaining their SC order parameters. While the FSs of
UGe2 have been experimentally well determined, those of URhGe and UCoGe have been poorly determined, and thus a
quantitative comparison with band structure calculations cannot be achieved. Up to now, Angle-resolved photoemission
spectroscopy (ARPES) measurements have only given the flavor of the electronic bands at the Fermi level. Discussion is
presented on how different theoretical approaches can describe the various phenomena discovered by experimentalists.
Following the new hot subject of topological superconductors, proposals have been made for UCoGe, which is a great
challenge for ambitious researchers!
1. Introduction: Experimental Probes, Crystal Struc-
ture
1.1 Introduction
The interplay between ferromagnetism and superconduc-
tivity (SC) is a challenging problem in the coupling between
the two major ground states of condensed matter. This prob-
lem was theoretically posed six decades ago in 1957,1) Early
experiments in 1958 showed that ferromagnetic (FM) impu-
rities, such as Gd, dissolved in La (TSC = 5.7 K) destroy SC
with 2% doping.2) Exchange interactions put stringent lim-
its on the occurrence of SC. However, SC can easily coex-
ist with antiferromagnetic (AF) sublattices of localized rare
earth (RE) atoms. The first discovered cases were the Chevrel
phases REMo6S8,3) and soon after, in 1977, another example
of RERh4B4 was discovered.4) Basically, on the scale of the
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SC coherence length, which is larger than the magnetic one,
the Cooper pairs go through zero exchange interaction.
Two singular cases were ErRh4B4 and HoMo6S8, where
SC and ferromagnetism are in competition. Despite the SC
temperature (TSC) being higher than the Curie temperature
(TCurie ) of ferromagnetism, the ground state ends up in the
FM ground state with the collapse of the singlet SC. For ex-
ample, ErRh4B4 is a superconductor below TSC = 8.7 K;5)
up on cooling to T = 1 K, a compromise between ferro-
magnetism and SC is realized by forming a modulated struc-
ture with a domain of alternating magnetic moments. The pe-
riod of 100 Å is smaller than the SC coherence length. Upon
further cooling below 0.8 K, ferromagnetism becomes the
ground state and SC disappears. Here the energy gained by
the FM atoms exceeds that of the Cooper pair formation at
TSC as the number of quasiparticles involved, kBTSC × ρ(EF),
is much lower than 1, where ρ(EF) is the electronic density
of states.6) The occurrence of the modulated structure is dis-
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cussed theoretically in Refs.7) and 8. An exotic observation
was the detection of magnetic-field-induced SC in 1984 in
Eu0.75Sn0.25Mo6S7.2Se0.8.9) This is in agreement with a the-
oretical prediction given by Jaccarino and Peter in 1962,10)
which stresses that the compensation of the exchange internal
field by the opposite external magnetic field can overcome
the bare Pauli limit of the upper critical field Hc2. In these lo-
calized magnetic SC compounds, TSC is higher than TCurie or
TN (for antiferromagnets). There are two types of electrons:
localized ones that carries the magnetic moment and itiner-
ant ones that are paired via electron-phonon coupling (see
Refs. 11–13 for a review).
In the reported U compounds UGe2, URhGe, and UCoGe,
the 5 f electrons participate both in the magnetic coupling and
in the formation of heavy quasiparticles; quasiparticles with
high effective mass m∗ (∼ 20 m0, m0: bare mass of an elec-
tron) are detected on the orbit at the Fermi surface (FS). The
suggestion of unconventional SC and itinerant FM was given
many decades ago on the basis of a Cooper pairing generated
by FM spin fluctuation,14) in which the expression for TSC
vanishes at the FM critical pressure because of the poor ap-
proximation of the theory.15) For a Fermi liquid, a well-known
example is liquid 3He;16, 17) however, the system is very far
from FM instability.18) In bulk electronic materials, the first
observation was made on UGe2,19) SC emerges under pres-
sure (P) near the switch at Px ∼ 1.2 GPa between two FM
phases (FM2, FM1),20) upon entering the paramagnetic (PM)
phase at a higher pressure, no SC is detected. A breakthrough
in research on the domain was realized with the discovery of
two new cases, URhGe21) and UCoGe,22) which show FM and
SC transitions at ambient pressure. In both examples, the sin-
gular feature is that a transverse magnetic field with respect to
the easy FM magnetization axis (H ⊥ M0) leads to the sup-
pression of TCurie, enhancing the SC pairing via the enhance-
ment of FM fluctuations. We will see that in the particular case
of UCoGe, the weakness of the FM interaction is associated
with a strong decrease in H of the SC pairing in a longitudinal
field scan (H ‖ M0).
An important approach is to restore the normal phase by
H above the upper critical field Hc2. The magnetic field can
destroy singlet-pairing SC in two ways. The first one, called
the orbital limit, is a manifestation of the Lorentz force on
electrons, and the second one, called the Pauli limit, occurs
when H breaks the spin antialignment and orients the spin
along the field direction due to the Zeeman effect. The criti-
cal field of the Pauli limit, HP, is expressed as µ0HP/TSC ∼
1.86 T/K on the assumption that the electronic g factor is 2
and 2∆(0) = 3.53kBTSC. In contrast to most unconventional
singlet superconductors, where AF fluctuations are the main
glue, in UGe2, URhGe, and UCoGe,22–24) the upper critical
field Hc2(0) in the three main directions (a, b, c) of these or-
thorhombic structures exceeds the Pauli limiting field HP, as
shown in Fig. 1 (see Sec. 5 for UCoGe), (and the necessity
to take into account the strong H dependence of the pairing).
Thus, it seems established that a triplet pairing with equal spin
pairing (ESP) is realized. In the three cases, the coexistence
of SC with FM has been directly verified by neutron scatter-
ing, µSR, and NQR experiments.25–29) Previous experimental
reviews can be found in Refs. 25,26,28, and 29. Reviews con-
cerning the theory are given in Refs. 30 and 31.
Basically, ESP between the same effective spin components
seems to be established here. For the PM phase of 3He, a beau-
tiful clear case is the A phase of superfluid 3He;16, 17) in the B
phase of 3He, mixing occurs between spin-down and spin-up
components. In our case of FM superconductors, the general
form of the order parameter can be more complex with mix-
ing of the magnetic component (see Ref. 30). However, owing
to the strength of FM exchange coupling in the FM phase, the
realization of ESP seems to be achieved. The situation may
change on entering the PM phase.
The aim of this review paper is to show our new exper-
imental progress with the strong interplay between macro-
scopic and microscopic properties revealed recently via vari-
ous NMR experiments (see Ref. 32 for the strengths of NMR
experiments in the study of SC). Special focus will be made
on combined magnetic field, pressure, and uniaxial stress (σ)
scans to cross the FM instability and observe their effect on
SC. Our report mainly concerns results achieved in Grenoble,
Oarai, Kyoto, and Tokai. The discovery of SC in UGe2 was
made through a collaboration between Grenoble and Cam-
bridge.19) The SC of URhGe was discovered in Grenoble21)
and that of UCoGe was discovered in Amsterdam.22) Spe-
cial attention on the duality between the local and itinerant
character of the 5 f electron notably in UGe2, was stressed in
the work of Wroclaw,33) and the effect of doping with Ru on
UCoGe was studied in Prague,34) as well as analyses of SC in
both FM and PM phases.35)
1.2 Experimental probes
Of course, thermodynamic measurements [specific heat
(C), thermal expansion (α), magnetization (M)] as well as
transport measurements [resistivity (ρ), Hall effect (RH), ther-
moelectric power (TEP, S ), thermal conductivity (κ)] are ba-
sic experiments to establish the normal and SC properties.
In the crude frame chosen to relate to the physical parame-
ters in the normal and SC phases, we take the view that the
SC is driven by the effective mass enhancement due to mag-
netic fluctuations over the renormalized band mass mB in-
duced by local fluctuations connected with Kondo phenom-
ena. The basic experiments on the normal phase allow the
evaluation of the band mass mB and the additional contri-
bution m∗∗ given by FM fluctuation to the effective mass
m∗ = mB + m∗∗ = (1 + λ)mB, where λ ≡ m∗∗/mB is the
so-called mass enhancement factor due to the many-body ef-
fect. The renormalized band mass (mB) in heavy fermions is
the consequence of complex electronic couplings which can-
not be restricted to a single impurity Kondo effect.18) Short-
range interactions modify the Kondo temperature of a single
U atom; The estimation of the Kondo temperature must be
performed in the intermediate-temperature domain, for exam-
ple, just above TCurie or by decoupling the interaction by the
magnetic field. For a large number of heavy-fermion com-
pounds, the relation γ2 ∝ A between the Sommerfeld coeffi-
cient γ of the linear T term of the specific heat C ∼ γT and
the A coefficient of the T 2 term of the resistivity37) is used to
follow the P and H variations of m∗, despite the fact that such
a relation is not valid near FM instabilities.38, 39) In our stud-
ies, the γ2 ∝ A relation is roughly obeyed even close to Pc;
the “hidden” responsible for this cutoff of FM quantum crit-
icality may indicate a sign of the strong first-order nature of
Pc and/or the associated change in the FS. Thermal conduc-
tivity experiments are a supplementary tool for revealing spin
2
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Fig. 1. (Color online) Temperature dependence of Hc2 for UGe2,23) URhGe,24) and UCoGe.36) The large upper critical field Hc2 exceeding the Pauli limit
is a mark of triplet SC. For UCoGe, the pairing is strongly field-dependent for H ‖ c. TSC in a high field is not TSC at H = 0. Note that the Hc2 curves in (c)
are the results in early studies. After fine-tuning of the field direction with high-quality single crystals, the Hc2 curves for H ‖ b and a were found to have a
more pronounced upturn, as shown later.
fluctuation phenomena and for trying to derive the anisotropic
gap structure in the SC phase. TEP is a very sensitive probe
for detecting topological changes in the FS in these complex
multiband systems, where classical quantum oscillation tech-
niques as well as photoemission often fail to resolve the full
FS structure.
Elastic and inelastic neutron scattering are powerful probes,
mainly for clarifying the FM transition. Here, we will stress
the strengths of NMR experiments. NMR has already been
quite successful in the study of conventional40) and unconven-
tional32) superconductors. A major interest is the anisotropy
of the spin-lattice (T1) and spin-spin (T2) relaxation times
as well as its field dependence. We will see how unique
responses are obtained between longitudinal and transverse
fluctuations with respect to the FM magnetization axes. Along
the three x, y, and z crystallographic axes, 1/T1 is related
to the transverse fluctuation via the dynamical susceptibility
χ′′(q, ω0) as,40)(
1
T1T
)
x
=
γ2nkB
(γe~)2
∑
q
[
|Ayhf |2
χ′′y (q, ω0)
ω0
+ |Azhf |2
χ′′z (q, ω0)
ω0
]
,
while 1/T2 (spin-spin relaxation rate) is mainly sensitive to
the longitudinal magnetic fluctuation with an extra contribu-
tion originating from 1/T1 and is expressed as(
1
T2
)
x
=
γ2nkBT
(γe~)2
lim
ω→0
∑
q
[
|Axhf |2
χ′′x (q, ω0)
ω0
]
+ [I(I + 1) − m(m + 1) − 1/2]
(
1
T1
)
x
.
In an uncorrelated condition, the product of T1T and the
spin part of the Knight shift Ks is a constant, T1T K2s = R0.
This product R will differ strongly in correlated systems (R >
R0 for FM, R < R0 for AF), and the characteristic of magnetic
correlations can be established from the value of R/R0.
In the SC phase, pairing in a spin singlet or spin triplet is
related to a decrease or invariance of the Knight shift across
TSC. The temperature dependence of 1/T1 below TSC reflects
the gap structure. 1/T1 varies as exp (−∆/T ) for a finite gap,
as T 3 for a line-node gap, and as T 5 for a point-node gap.32)
In the presence of the residual density of states induced by
impurities and the inhomogeneity of samples, 1/T1 deviates
from the above temperature dependences and approaches the
Korringa relation.
1.3 Crystal structure
UGe2 crystallizes in the ZrGa2-type orthorhombic structure
with the space group Cmmm (#65, D192h), which belongs to
the symmorphic space group, as shown in Fig. 2(a). In early
studies,41) the crystal structure was determined to be the or-
thorhombic ZrSi2-type with the space group Cmcm, but after
the refinement of the structure, the ZrGa2-type structure was
confirmed.42) The U atoms form zigzag chains along the a-
axis and the FM moment is directed along the a-axis. The
distance of the first nearest neighbor of the U atom is 3.854
Å, which is larger than the so-called Hill limit. URhGe and
UCoGe have the TiNiSi-type orthorhombic structure with the
space group Pnma (#62, D162h), which belongs to the nonsym-
morphic space group, as shown in Fig. 2(b). The U atoms
form the zigzag chains along the a-axis, and the distances be-
tween two U atoms are d1 = 3.497 and 3.481 Å for URhGe
and UCoGe, respectively, which are close to Hill limit. Most
UTGe (T : transition metal) compounds crystallize in the
TiNiSi-type structure or its non-ordered variant CeCu2-type
structure. As shown in Fig. 3, URhGe and UCoGe are located
between the PM ground state and the AF ground state, as a
function of the next-nearest-neighbor distance, and have rela-
tively large γ-values.
The global inversion symmetry is preserved in the TiNiSi-
type structure; however, the local inversion symmetry at the
sites of the U atoms is broken because of the zigzag chain.
Theoretically, it has been proposed that a spatially inho-
mogeneous antisymmetric spin-orbit interaction and peculiar
physical properties that depend on the energy scale of the
band structure might appear. In URhGe, a small AF com-
ponent along the a-axis as a result of the small relativis-
tic Dzyaloshinskii–Moriya interaction has been theoretically
3
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proposed.43) However, it has not been observed experimen-
tally in a high-quality single crystal, although the early stud-
ies using polycrystalline powder samples revealed a small AF
component.44)
Fig. 2. (Color online) Crystal structures of (a) UGe2 and (b)
URhGe/UCoGe. (c), (d) Projections of URhGe/UCoGe from b- and
a-axes, respectively.
Another important point is that the TiNiSi-type orthorhom-
bic structure is derived from the distorted AlB2-type hexag-
onal structure. In fact, the U atoms of URhGe are almost lo-
cated in the bc-plane (a-plane), but their alignment is slightly
corrugated owing to the x parameter of the atomic coordinate
(x = 0.0041), which corresponds to a quite small displace-
ment of 0.028 Å from the bc-plane. If we neglect this small
corrugation, the U atoms form a distorted hexagon or suc-
cessive triangles, as shown in Fig. 2(d). The distances d2 and
d3 between the U atoms are 3.746 and 4.327 Å, respectively,
and the ratio d2/d3 is 0.866 in URhGe. If d2/d3 is 1, the U
atoms form equilateral triangles, and the magnetic anisotropy
between the b- and c-axes will be very small because the ex-
change interactions due to d2 and d3 are almost equivalent. As
described later, URhGe shows spin reorientation from the c-
to b-axis at low temperatures when a field is applied along the
b-axis, indicating that the magnetic anisotropy between the
b- and c-axes is relatively small in spite of the Ising magnetic
character. The small anisotropy between the b- and c-axes and
the hard-magnetization a-axis are a general trend in the UTGe
system. The key parameters are the x-value of the atomic co-
ordinate of the U atom and the ratio d2/d3. The small x-value
and the large d2/d3 close to 1 are preferable conditions for
small anisotropy between the b- and c-axes, leading to the
spin reorientation at low fields. Figure 4 shows d2/d3 plotted
against the x-value for different UTGe compounds. URhGe
satisfies the preferable conditions for spin reorientation, while
UCoGe has a larger x-value, increasing the difficulty of spin
reorientation. In Fig. 4, one can recognize that spin reorienta-
tion is more likely to occur in UIrGe and UPtGe. In fact, the
antiferromagnet UIrGe shows metamagnetic transitions from
an AF state to a polarized PM state at 21 and 14 T for H ‖ b
and H ‖ c, respectively, while the hard-magnetization axis (a-
axis) shows no metamagnetism up to 50 T.45) In UPtGe, an
incommensurate cycloidal magnetic structure is found in the
bc-plane for the TiNiSi-type structure,46) although the struc-
ture is refined to the EuAuGe type from the TiNiSi type with
small modifications. Upon 10 % Ir doping of URhGe, the spin
reorientation field is significantly reduced to µ0HR = 9.4 T
with TCurie = 9.3 K. A similar trend is also observed for 2%
Pt-doped URhGe with µ0HR = 10 T and TCurie = 8.6 K.
Fig. 3. (Color online) Sommerfeld coefficient and magnetic ordering tem-
perature as a function of the distance of uranium atoms from the first nearest
neighbors in UTGe (T : transition metal). UCoGe and URhGe are located at
the border between paramagnetism and antiferromagnetism.
Fig. 4. (Color online) d2/d3 vs atomic coordinate x of uranium atom. A
large value of d2/d3 close to 1 and small x are preferable for spin reorienta-
tion.
2. Common Features and Particularities
The goal is to present the domain of existence of the dif-
ferent phases in (T, P,H) space, to see the consequences of
the self-induced vortex (SIV) created in the FM phase, and to
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stress the unique opportunity for the modification of the SC
pairing by H acting on the FM interaction.
2.1 (P, T) phase diagram
Figure 5 shows the (P,T ) phase diagram of the three com-
pounds. As shown in Table I, the FM moments at ambi-
ent pressure are 1.5, 0.4, and 0.06 µB in UGe2, URhGe, and
UCoGe, respectively. Thus, the duality between the localized
and itinerant character of the 5 f electron is strong in UGe2,
while an itinerant description of 5 f electrons seems to be jus-
tified in UCoGe. UGe2 has a rather high Curie temperature
TCurie ∼ 52 K with a large magnetic moment M0 ∼ 1.5 µB
at P = 0 in the FM2 ground state. On cooling below TCurie,
the competition between the low-magnetic-moment (M0 ∼
0.9µB) phase FM1 and the FM2 ground state is marked by
a large T crossover.47) At P ∼ 1 GPa, a first-order transition
between FM2 and FM1 appears at PCEP and TCEP, which will
end up at Px ∼ 1.2 GPa. Specific attention is given to the FM-
PM change from a second order to first-order transition at the
tricritical point (TCP) at TTCP and PTCP; this change is directly
associated with the observation of the FM wings created by
the restoration of ferromagnetism in magnetic fields.48) The
particularities of SC in UGe2 are that (1) it exists only in the
FM domain with the maximum Tsc at Px, and (2) Px is cou-
pled with a drastic change of the FS on switching from FM2
to FM1.
In URhGe, TCurie (= 9.5 K) and M0 (= 0.4 µB) at ambient
pressure are much lower than those of UGe2 at Px where SC
emerges. Under pressure, the FM becomes more stable and
TCurie still increases even at 13 GPa.49) As TCurie increases un-
der pressure, the magnetic fluctuations become weaker and
TSC decreases. The collapse of SC will occur at around PS ∼
4 GPa.
UCoGe has a small FM moment, M0 ∼ 0.06µB, with a
small magnetic entropy release at TCurie, indicating a clear ex-
ample of itinerant FM. Here, pressure drives the system to-
wards FM instabilities. FM disappears at around 1 GPa,50–52)
while SC survives deep inside the PM phase up to PS ∼
4 GPa.52) The characteristic values for the three compounds
are shown in Table I. The internal field Hint created by M0 be-
low TCurie as well as the FM molecular field Hmol are shown
in Table II.
2.2 SC depairing and self-induced vortex state
The relative variation of TSC as a function of the residual
resistivity (ρ0) (Fig. 6) shows that, as expected in unconven-
tional SC, TSC/T 0SC depends strongly on ρ0, which is inversely
proportional to the electronic mean free path.
Another singularity is that as Hint is much higher than Hc1
(as shown later in magnetization curves for UCoGe), thus
SIVs exist at H = 0. The creation of self induced vortex be-
low TSC will lead to the residual contribution γ1 ∼ Hint/Hc2
to the linear T term. In addition, the phenomenon is enhanced
by the additional contribution γ2 given by the Volovik effect in
the inter vortex phase.30, 53) Figure 7 shows the SC anomaly of
the three compounds; the SC jump at TSC is directly related to
the weakness of M0. Even the residual γ term in the SC phase
follows a
√
M0 dependence as predicted for the main origin
of the Volovik effect (Fig. 8).30)
2.3 Transverse and longitudinal H scan: consequences on
SC pairing
Figure 9 shows the low-field susceptibility χ of the three
compounds measured along their principal axes. At room
temperature, the a-axis is already the easy magnetization axis
in UGe2, and the c-axis becomes the easy axis in UCoGe.36)
However, in URhGe, almost no anisotropy appears between
the b- and c-axes at room temperature, and the c-axis can
be differentiated from the b-axis only below 50 K. UGe2 and
UCoGe are considered to be Ising ferromagnets. For URhGe,
the duality between FM along the c- and b-axes is at the core
of its extremely high field-reentrant superconductivity (RSC)
for H ‖ b.
Figure 10 shows the magnetizations of UGe2, URhGe,
and UCoGe at low temperatures along their a-, b-, and c-
axes.36, 54, 55) In URhGe, the large value of the initial slope of
magnetization, dM/dH ≡ χ, for the b-axis compared with
that for the c-axis indicates that under a magnetic field of
µ0HR ∼ 12 T, the b-axis will become the easy magnetization
axis. On the other hand, χ for the c-axis always exceeds that
for the b-axis in UCoGe; thus the Ising character will be pre-
served up to a very high magnetic field. The strong curvature
of the magnetization curve for the c-axis in UCoGe implies
that the contribution of the spin fluctuation will drastically de-
crease with increasing H; this unusual M(H) curve has major
consequences on the SC properties for H ‖ c, particularly on
the Hc2 curvature (see below).
In UGe2 for H ‖ a [Fig. 11(a)], the sudden enhancement of
Hc2 for P just above Px has been taken to be a consequence of
the H-switch from the FM1 to FM2 phases, since these two
phases have different SC temperatures at H = 0.23)
Considerably more interesting in Figs. 11(b) and 11(c)
are the cases of URhGe and UCoGe, where reentrant SC in
URhGe and field-reinforced SC in UCoGe occur for a trans-
verse magnetic field scan (H ‖ b) with respect to the initial
FM direction (M0 ‖ c). The key origin of this singular behav-
ior is that a transverse H scan leads to the collapse of the Ising
FM along the c-axis and thus gives a unique elegant opportu-
nity to cross the FM-PM instability with the enhancement of
FM fluctuations. Proof of the collapse of ferromagnetism has
been observed in thermodynamic and transport experiments
as well as in NMR measurements. Figure 12 shows the FM
and SC domains of URhGe and UCoGe. Table III47) summa-
rizes the different values of the low-temperature susceptibility
at H → 0 and the estimated critical magnetic fields H∗a, H∗b,
and H∗c , where each magnetization Ma, Mb, and Mc reaches
M0.55) Note that for URhGe, χb > χc > χa and that χb in
URhGe is even larger than χc in UCoGe. The weakness of
the magnetic anisotropy leads to FM instabilities with M0 ‖ c
and M0 ‖ b for URhGe occuring at HR. For UCoGe, χc is
much greater than χb; this property will reflect only the Ising
FM proximity with M0 ‖ c. These different behaviors will be
demonstrated in NMR experiments.
Now we will describe the singular features of each com-
pound.
For UGe2:
• FM transition switches from second order to first order
at TTCP, PTCP
• Detection of FM wings in the (T, P,H) phase diagram
for H ‖ a (easy magnetization axis) up to the quantum
5
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Fig. 5. (Color online) (Color online) (T, P) phase diagram of (a) UGe2, (b) URhGe, and (c) UCoGe at H = 0. For UGe2, two FM phases (FM1: weakly
polarized phase, FM2: strongly polarized phase) are clearly separated below the CEP (PCEP = 1 GPa, TCEP = 7 K) by the first-order transition. The TCP is
marked by a star (TTCP = 24 K, PTCP = 1.42 GPa). For URhGe, TCurie increases with P up to 13 GPa; SC will collapse at PS ∼ GPa. For UCoGe, PC ∼ 1 GPa
and PS = 4 GPa; SC survives deep inside the PM domain.
Table I. Easy axis, Curie temperature TCurie, ordered moment along the easy axis M0, Sommerfeld coefficient γ at P = 0, critical pressure PC for switching
from FM to PM phase, and SC transition temperature TSC in UGe2 at Px and in URhGe, and UCoGe at P = 0.
Easy TCurie M0 γ PC TSC
axis (K) (µB) (mJ mol−1K−2) (GPa) (K)
UGe2 a 52 1.48 34 1.6 0.8 at P = Px
URhGe c 9.5 0.4 163 > 13 0.25 at P = 0
UCoGe c 2.7 0.06 57 ∼ 1 0.8 at P = 0
Table II. Internal field Hint and molecular field Hmol for T → 0.
Hint (T) Hmol (T)
UGe2 0.28 50
URhGe 0.08 10
UCoGe 0.01 2.5
1.5
1.0
0.5
0
T s
c, 
no
rm
ali
ze
d 
100500
ρ0 (µΩ⋅cm)
  URhGe
  UCoGe
Fig. 6. (Color online) Relative dependence of TSC as a function of resid-
ual resistivity ρ0 in URhGe and UCoGe. The solid line is obtained from the
Abrikosov–Gor’kov pair-breaking function.
critical end point
• Drastic change of the FSs on entering the three different
phases FM2, FM1, and PM.
• Consequences on the SC domain with the interplay be-
tween FS instability and FM spin fluctuations.
For URhGe:
• Appearance of FM wings upon tilting the field direction
from the b- to c-axis around HR.
• Duality between FM along the c- and b-axes: concomi-
tant longitudinal and transversal fluctuations detected by
NMR near HR.
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Fig. 7. (Color online) Specific heat in UGe2, URhGe, and UCoGe.
Fig. 8. (Color online) Relative variation of the residual value γ0 normal-
ized by γN as a function of
√
M0. This graph proves that strong Volovik
vortices already contribute at H = 0.
• Link between RSC and H dependence of m∗∗.
• Pressure, uniaxial stress dependences of RSC: evidence
of scaling in m∗(HR)/m∗(0) supporting Lifshitz transi-
tion.
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Fig. 9. (Color online) Susceptibilities of (a) UGe2, (b) URhGe, and (c)
UCoGe. In URhGe, owing to the weak magnetocrystalline term, χc clearly
becomes the easy magnetization axis only below 50 K. The susceptibility in
UGe2 is replotted from Ref. 33.
Table III. Field derivative magnetizations at H → 0 and the estimated
critical field along each axis.47)
χa χb χc H∗a H∗b H
∗
c
(µB/T ) (µB/T ) (µB/T ) (T) (T) (T)
UGe2 0.006 0.0055 0.011 230 250 122
URhGe 0.006 0.03 0.01 66 13 40
UCoGe 0.006 0.0055 0.011 29 12 2.5
For UCoGe:
• Precise magnetization measurements at very low temper-
ature: hierarchy between Hc1, Hint /strong H curvature of
M(H) for H ‖ c.
• Observation by NMR of mainly longitudinal spin fluctu-
ations along c-axis, regardless whether the field direction
is along the a-, b-, or c-axis.
• Huge decrease in m∗∗ with increasing H in longitudinal
scan and strong increase in m∗∗ in transverse magnetic
field on approaching H∗b.
• Description of Hc2 curve via the field dependence of the
parameter λ defined by m∗∗/mB.
• (P, H) phase diagram with collapse of FM at PC ∼
1 GPa, persistence of SC up to PS ∼ 4 GPa, link be-
tween FM collapse and Hc2 singularities for H ‖ M0 and
H ⊥ M0.
The different theoretical approaches will be presented with
focus on the interplay between magnetism and unconven-
tional SC, and on additional phenomena related to the Lifshitz
transition. Special attention will be given later to the present
knowledges of FSs referring to band structure calculations.
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Fig. 10. (Color online) Magnetization of (a) UGe2,54) (b) URhGe, and (c)
UCoGe in their normal phase. In URhGe, the magnetization for H ‖ b shows
“metamagnetic”-like transition at H = HR, indicating a switch of the easy
magnetization axis from the c-axis to the b-axis.55) Note the high value of
χb = dMb/dH up to HR and the weak curvature of M(H) for H ‖ c. In
UCoGe, the strong curvature of M(H) for H ‖ c is directly linked with the
strong decrease in m∗∗ with increasing H and that in λ, the relation, χc >
χb ∼ χa, is preserved regardless of the magnetic field.36, 56)
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Fig. 11. (Color online) (a) Hc2 versus T for H ‖ a (longitudinal field scan
with respect to H ‖ M0) in UGe2,23) providing evidence that the TSC de-
pendence close to Px is sharp. Hc2 versus T for H ‖ b (transverse field scan
H ⊥ M0) in (b) URhGe57) and (c) UCoGe.58) In these cases, the evidence of
H reinforcement of the pairing is connected with the collapse of TCurie.
3. Properties of UGe2
Contrary to the canonical example of SC around Pc driven
by spin fluctuations, for UGe2, the singularity is that SC ap-
pears close to Px where the system switches from FM2 to
FM1 phases. The clear feature is that FS reconstruction at Px
must be considered to evaluate the SC pairing.
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Fig. 12. (Color online) Overlap between the SC and FM domains in the
(H,T ) plane at P = 0 for H ‖ b. For URhGe (a), data are taken from trans-
port, magnetization, and thermal expansion measurements and for UCoGe
(b), data are taken from transport, thermal expansion, and NMR measure-
ments.
3.1 Two FM ground states, FM wing, and FS instability
The first determination of the (P, T ) phase diagram of
UGe2 was realized in 1993, showing a collapse of ferromag-
netism between 1.5 and 2 GPa.59) Evidence of an anomaly
at Tx (signature of the competition between FM2 and FM1)
was reported in 1998.60) The next breakthrough was the dis-
covery of SC in the FM domain (P < 1.5 GPa) in 2000.19)
The key role of the switch from FM2 to FM1 in the SC onset
was pointed out in 2001.20, 61–63) Above Px, M0 = 0.9 µB/U
in the FM1 phase and M0 = 1.5 µB/U in the FM2 phase (see
Fig. 13).62–65) Above Px, FM2 will be reached at a magnetic
field Hx for H ‖ a (easy magnetization axis). At a field Hc
above PC, the PM phase will switch to FM1; increasing the
field to Hx leads to a transition to FM2. Figure 13 shows the P
dependences of M0(P), Hx, and Hc.64) Complementary stud-
ies can be found in Refs. 62,65, and 66. The jump of M0 at Px
and Pc clearly shows that both transitions at Px and Pc are of
the first order. The transition line TCurie(P) between FM and
PM at zero field changes from second order to first order at
a TCP of TTCP ∼ 24 K and PTCP = 1.42 GPa. The range of
the first-order transition is quite narrow (Pc − PTCP)/PTCP ∼
0.05.48) However, for H ‖ M0 along the easy axis, the first-
order FM wing appears up to the quantum critical end point
(QCEP) at PQCEP ∼ 3.5 GPa and µ0HQCEP ∼ 18 T, as shown in
Fig. 14.67, 68) Note the large separation between PQCEP and Pc
directly linked to the large jump of M0 at Pc. Figure 15 shows
how the step like jump of the resistivity coefficient A below
PQCEP is replaced by a maximum above PQCEP.68) The phase
transition at Tx between FM1 and FM2 starts at the critical
end point (CEP) equal to TCEP = 7 K and PCEP =1.16 GPa. At
T = 0 K, it collapses at Px ∼ 1.2 GPa.
At P = 0, the specific heat and thermal expansion show
a crossover between FM1 and FM2 ground states.47) Note
that drastic changes are observed in the normal component
of the Hall effect69) as well as in the thermoelectric power
(Fig. 16).70) These low-pressure effects are precursors of the
drastic changes in the FS on entering the different ground
states through Px.
Measurements of the specific heat under pressure (Fig. 17)
indicate that the γ coefficient jumps at Px while the βT 3 term
also unexpectedly has a maximum at Px.71) There is no max-
imum of γ at Px, suggesting that the additional effect, rather
than spin fluctuation, should occur for the establishment of
SC. In addition, the P dependence of the A coefficient obeys
(a)
(b)
Fig. 13. (Color online) (a) Variation of the FM M0 component at H = 0 for
the FM2 and FM1 states in UGe2 at 2.3 K.64) Extrapolation of M0 above HX.
(b) Field variation of HX and Hc as a function of pressure (P).
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Fig. 14. (Color online) Three-dimensional (T,H, P) phase diagram of
UGe2, indicating evidence of the FM wings extending far above PC up to
the QCEPs (HQCEP ∼ 18 T, PQCEP ∼ 3.5 GPa).67, 68)
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Fig. 15. (Color online) Variation of the A coefficient of the AT 2 resistivity
term upon crossing HX at different pressures through the QCEP of UGe2.68)
A ∝ γ2 for the current I ‖ b, but has a pronounced maximum
for I ‖ a.72–74)
The new feature is that quantum-oscillation measurements
demonstrate drastic changes in the FS through Px and Pc.
8
J. Phys. Soc. Jpn.
Fig. 16. (Color online) Variation of the Hall constant RH and the thermo-
electric power through the crossover temperature T ∗, which is a characteristic
of the choice of FM2 as the ground state of UGe2 at low pressures.
Fig. 17. (a) Pressure dependence of γ in UGe2. (b) Note that the jump of
γ at Px is associated with a maximum of β for the T 3 term of the specific
heat.18)
For H ‖ b, corresponding to the hard-magnetization axis, the
three phases, FM1, FM2, and PM, are not affected by the
magnetic field. The main dHvA branches in FM1, namely
α, β, and γ, which might be due to the nearly cylindrical
FSs,74) disappear in the PM state, and new branches are de-
tected,75) as shown in Fig. 18. In the PM state, a heavy elec-
tronic state is realized with large effective masses of up to
64 m0, which is consistent with the large Sommerfeld coeffi-
cient (100 mJ K−2mol−1) measured under pressures above Pc.
For H ‖ a (easy-magnetization axis), FM1, FM2, and PM
are separated by metamagnetic transitions. Thus, the results
are more complicated. Figure 19 shows the pressure depen-
dence of the dHvA frequencies.66, 76) The observed frequen-
cies, which are less than approximately 1×107 Oe, correspond
to the small FSs, revealing the relatively strong pressure de-
pendence in the FM2 phase. It is also clear that the FS changes
with the transition from FM2 to FM1.
Fig. 18. Pressure dependence of FFT spectra obtained from dHvA experi-
ments for H ‖ b in UGe2. The FSs are drastically changed above Pc.75)
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Figure 7. Pressure dependence of the dHvA frequencies in the (a) strongly and (b) weakly polarized
phases of UGe2.
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Fig. 19. Pressure dependences of the dHvA frequencies for H ‖ a in UGe2
in the (a) FM2 and (b) FM1 phases.76)
One interesting theoretical proposal is that the transition at
Tx may be the signature of a charge density wave (CDW) on-
set linked to supplementary nesting of the FS,77) but attempts
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to detect a CDW have failed.78) Band-structure calculation in-
dicates that over a range of pressures, the two FM states are
nearly degenerate with different orbital and spin moments on
the U sites.79) The (P, T ) phase diagram was qualitatively ex-
plained by a phenomenological model with two initial max-
ima in the density of states.80) In contrast to the case of AF-
PM instability, which is often of the second order, a first-
order collapse in clean FM itinerant materials is observed;
theoretical arguments to justify this were given through the
nonanalytic term in the Landau expression for the free en-
ergy81, 82) and through the feedback with magnetoelastic cou-
pling.30, 83, 84)
To summarize the normal properties of UGe2, the main fea-
tures are as follows.
• TCurie is suppressed with increasing P, and a switch to a
first order transition occurs at the TCP.
• FM wings exist far above Pc up to PQCEP ∼ 3.5 GPa.
• There is a drastic change in the FS at Px and Pc
3.2 SC phase: interplay of FS instability and FM fluctua-
tions
The SC domain was first determined by resistivity measure-
ments; the two important points are that optimum of TSC coin-
cides with Px and that the collapse of SC occurs at PSC ∼ Pc.
Unexpectedly, the specific heat jump at TSC (Fig. 20) can only
be observed near Px.85) A series of supplementary results de-
rived from the ac susceptibility measurements86–88) suggests
that SC will exist only in the FM1 phase (Fig. 21). The differ-
ent behavior of SC in FM2 and FM1 has been confirmed by
the fast broadening in the SC transition below Px (see Fig. 22).
The behavior of the intrinsic SC region remains an open ques-
tion. One difficulty is the narrow P width of SC (0.3 GPa)
compared with the pressure inhomogeneity close to the first-
order transition with a volume change of approximately 10−3.
The unusual field dependence of Hc2 reported in Fig. 11
with pressure slightly above Px corresponds to the field
switching between FM1 and FM2 at Hx. The initial claim that
the maximum of TSC occurs in the FM2 phase just below Px
must be verified. A sharp structure of TSC in FM1 with a max-
imum upon approaching Px may give an alternative explana-
tion.
Unique information is given by NQR-NMR experiments
using the 73Ge isotope. At low pressures, in agreement with
the neutron scattering experiments,89) the Ising FM character
of the fluctuations is clearly observed.90) Figure 23 illustrates
the temperature dependence of 1/T1.91, 92) In the FM phase
(FM2 or FM1), TCurie and TSC are clearly detected; above
TSC, 1/T1 follows a T -linear Korringa dependence linked with
the value of γ, and below TSC, a T 3 term is observed and
regarded as an indication of a line-node SC gap. At Pc, be-
cause of the first-order nature of the transition, both FM and
PM signals are detected with the noteworthy feature that SC
(TSC ∼ 0.2 K) is only detected in the FM1 phase and not in
the PM phase.92)
Note that the results of muon experiments93) emphasize
the duality between the localized and itinerant character of
the 5 f electrons (see also Ref. 33 and recent neutron data
in Ref. 94). The common point with our previous consider-
ation is that the FM1 phase has an electronic density larger
than the FM2 phases, and hence multiband effects must be
evidence for the CDW state at present. Recently, Pfleiderer
and Huxley suggest that Pc* is a first-order critical point from
the pressure dependence of magnetization at 2.0 K.11 From
the present study, it is clear that the enhancement of ! is due
to the critical fluctuation related to the phase transition at T*.
Therefore Pc* is considered to be the weakly first-order or
the second-order critical points. Further experimental inves-
tigations are needed in order to understand the microscopic
origin of the phase transition at T*.
The temperature dependence of the heat capacity at low
temperatures is shown in the form of C/T in Fig. 3. At 1.22
GPa, a clear peak associated with the superconducting tran-
sition was observed at around 0.6 K, while the anomaly
smears at 1.15 and 1.28 GPa. At 1.22 GPa, the transition
temperature is estimated as Tsc!0.60"0.10 K such that the
entr py is conse ved as drawn by a broken li e in Fig. 3. The
value of "C/(!nTsc) is 0.29"0.06 w ere " is the jump of
the heat-capacity at Tsc and !n is the value of C/T just above
Tsc . The residual ! value obtained by the extrapolation of
C/T curve linearly to 0 K as shown in Fig. 3 is !0#72
"5 mJ/mol K2 which is about 70% of !n . By a similar
estimation for other data on this sample $no. 1%, the pressure
dependence of "C/(!nTsc) and !n is obtained as shown by
circles in Fig. 4. The experimental result on another sample
$no. 2% which was cut from the same ingot for sample no. 1
is also shown by squares. The pressure dependence of Tsc
determined by zero resistance in the resistivity measurement
using the sample with similar quality to the present sample is
also plotted. The resistivity shows the superconductivity in a
wide pressure range from 1.0 GPa to Pc(#1.5 GPa). On the
other hand, "C/(!nTsc) shown a maximum around Pc* , and
it is strongly suppressed when the pressure deviates from
Pc* . Th maximum of Tsc(#0.72 K) at around Pc* in the
resistivity measurement is consistent with the temperature
where C/T starts to increase.
The heat capacity reflects the bulk nature of a sample,
while the resistivity is governed by the supercurrent through
the paths of pure parts in a sample. Assuming that the zero
resistivity indicates an ideal superconducting transition tem-
perature Tsc0 expected for a sample without an impurity, the
reduction rate of Tsc(!Tsc /Tsc0) due to the impurity is
about 0.83 around Pc* . The large !0 value indicates a large
residual density of states at the Fermi energy EF . The phe-
nomenological theories suggest that only the Fermi surface
of the majority band opens the superconducting gap and the
minority band remains a normal state below Tsc .19,20 Recent
band calculations pointed out that the contribution to the
density of states at EF from the minority band is less than
10% of the total density of states.21,22 Thus it is not appro-
priate to ascribe the contribution from the minority band to
the origin of the large !0 value. The contribution from the
considerable self-vortex state due to the coexistence of
the ferromagnetism and the superconductivity is also negli-
gibly small because the distance of the inter-vortices
(#1100 Å), estimated from the spontaneous magnetization
$0.19 T: &ord#1.0&B/U at Pc*) assuming that vortices form
the Abrikosov triangle lattice, is about ten times larger than
the size of a vortex (# the coherence length ' ,
130 Å).13,23,24 It is well known that the small amount of
impurity easily gives rise to a finite residual density of states
at EF in the superconductor with an anisotropic gap.25 In the
case of a triplet superconductor Sr2RuO4,26 the values of !0
and Tsc are known to be very sensitive to a small amount of
impurity, where the relation between the !0 /!n value and the
reduction rate of Tsc(!Tsc /Tsc0) were explained by the
theory which evaluated the impurity effect on the p-wave
superconductor treating the impurity scattering close to the
unitarity limit.27,28 In the case of the present sample, the
mean free path l is about 1400 Å determined by the dHvA
experiment and then l/'#11.16 The !0/!n value and the re-
duction rate of Tsc are estimated as !0 /!n#0.7 and
Tsc /Tsc0!0.83. The application to the theory in Sr2RuO4
reveals !0/!n!0.45"0.10 and Tsc /Tsc0!0.85"0.05 for
l/'!11.28,29 The values of Tsc /Tsc0 for both compounds are
FIG. 3. Temperature dependence of the heat capacity for sample
no. 1 at 1.15, 1.22, and 1.28 GPa. The dotted line represents an
equal ntropy construction at each pressure. The full line is the
extrapolation of C/T curve linearly to 0 K.
FIG. 4. Pressure dependence of the superconducting transition
temperature Tsc determined by the resistivity measurement $the up-
per panel% and the value of "C/(!nTsc) $the lower panel%. The full
and dotted lines are guide for the eyes.
RAPID COMMUNICATIONS
HEAT-CAPACITY ANOMALIES AT Tsc AND T* IN . . . PHYSICAL REVIEW B 69, 180513$R% $2004%
180513-3
Fig. 20. Unexpectedly, a clear jump ∆C/γNTSC can be detected in UGe2
only at around Px but with a very weak value compared with the conventional
BCS value (1.4) (see Fig. 7).
Fig. 21. TSC of UGe2 detected in susceptibility measurements from the
peak in the χ′′(T ) curve. The volu e fraction is obtained from −4piχ′(T ) at
60 mK. A double structure in χ′′(T ) is detected for P > Px.86–88)
5 : Results on Superconductivity 5.3 Broad Resistive Transition in the FM2 Phase
Two obvious observations can be rawn from these measurements. First, as can be
se n on fig. 5.8 the pressure range where the superco ductivity is observed is much
narrower in FM2 than in FM1. Second, the resistive transition width is increased in the
FM2 phase in comparison to the FM1 phase. This change in width is clear at 0 T by
changing pressure (fig. 5.9), but also at constant pressure by changing the magnetic field
(fig. 5.7).
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5.3.2 From AC Calorimet y Measur ments
The anomaly of the superconducting transition at 1.20 GPa can be seen in fig. 5.10(a). It
is obtain d from AC calorimetry measurements using two frequencies at which a simple
model of AC calorimetry seems valid [Sullivan68] (see section 2.4). In fig. 2.28 page 31,
our result have been compared to the only previous report of specific heat on a single
crystal of UGe2 performed by Tateiwa et al.. In Tateiwa’s report, the specific heat of all
the pressure cell is measured by adiabatic technique. Since both curves are qualitatively
the same, it shows that the small value of the specific heat jump does not arise from the
AC calorimetry technique.
As is visible on fig. 5.10(a), the superconducting anomaly in the specific heat is rapidly
suppressed under magnetic field at 1.20 GPa. It is not possible to see the superconducting
anomaly above 0.5 Tesla. Following the description made in section 5.2, the determination
of Tsc and its caracteristic distribution σTsc are illustrated on fig. 5.10(a) by full black lines.
The results are in agreement with resistivity measurements : Tsc decreases with applied
magnetic field and the transition is broadened as soon as the FM2 phase is induced. The
evolution of the Tsc distribution in figure 5.10(b) is very similar to the one of the resistivity
transition width (also displayed on fig. 5.7 page 88).
We note that the superconducting transition cannot be detected in our AC calorimetry
measurement as soon as the distribution of Tsc is larger than 150 mK. As concluded from
the resistivity measurements, the distribution of Tsc increase when entering the FM2
phase.
5.3.3 Discussion
It has been shown from AC calorimetry measurements and resistivity measurements that
the transition width is increased in the FM2 phase by comparison with the FM1 phase.
89
Fig. 22. (Color online) Determination of TSC by th achievement of zero
resistivity. Note the huge broadening of the ρ anomaly on entering FM2.68)
taken into account. The conduction electron carries a quasi
isotropic magnetic moment onsiderably lower than M0. Th
statement that Px collapses close to Pc is in contradiction to
all previous data; this can be evidence that the muon signal is
not directly linked with the switch of magnetism at Px or a in-
dicator of nonhydrostaticity, which happens in the chamber of
a pressure cell fixed at a constant volume but not at a constant
pressure (the reacti of the pres ure cell causing the defor-
mation of the crystal depends on the specific arrangement).
This puzzle should be solved.
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(a) (b)
(c) (d)
Fig. 23. (Color online) Temperature dependence of 1/T1 of 73Ge at (a)
1.15, (b) 1.2, (c) 1.3, and (d) 1.5 GPa. 1/T1 in panels (a), (b), and (c) was
measured at the peak of the Ge1 (4i) site for FM1. The solid curves in (a),
(b), and (c) are the results of calculations based on an unconventional su-
perconducting model with a line-node gap. The identification of the phase
transitions into both SC and FM ensures a phase with their uniform coexis-
tence. TCurie was determined by ac-χ measurement. The inset in (c) shows
the frequency dependence of 1/T1T at P = 1.2 GPa and f = 7.75, 8.5, and
9.12 MHz. The observation of a similar T dependence of 1/T1T ensures the
onset of SC over the whole sample. 1/T1 in (d) was measured at the peak of
PM (open squares) and FM1 (solid squares). The long component in 1/T1 for
FM1 indicates that SC sets in at TSC ∼ 0.2 K, but the short components for
PM do not.91, 92)
The main attempt to derive the SC properties from the nor-
mal ones was made by changing the FS topology in two crit-
ical peaks of density of states of the PM phase.80) By com-
parison with a later consideration on URhGe and UCoGe, the
pressure dependences of mB and m∗∗ were considered to have
singularities at Px and Pc. Using the parameter in Ref. 80,
the pressure variation of TSC is shown in Fig. 24. In agree-
ment with Figs. 21-23, a sharp SC singularity occurs at Px.
The prediction of SC in the PM region is not verified by the
experiments; it is difficult to predict SC quantitatively in the
complex case of UGe2.
Recently, a mechanism of spin-triplet pairing was pro-
posed,95) as an alternative to FM spin-fluctuation pairing.
Robust SC is predicted to exist only in the FM1 phase by
the combination of the FM exchange based on Hund’s rule
and the interelectronic Coulomb interaction (see Fig. 4 in
Ref. 95). A sound proof will be microscopic evidence of
orbital-selective Mott-type delocalization of the 5 f electrons
in the transition from FM2 to FM1. Although the effect is
small (see Fig. 5 in Ref. 95), the effect on SC pairing is pre-
0.15
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Fig. 24. (Color online) For UGe2, TSC versus P or I/Ic the Stoner factor
using the parameter of the phenomenological model of Ref. 80.
dicted to be large.
4. Properties of URhGe
We focus on the RSC observed in the transverse field scan
along the b axis (Hb), and its link with the FM wing structure
detected by tilting the field angle θ from the b to c-axis. The
possibility of crude modeling through the field dependence
of m∗∗(H) and its collapse under pressure is shown. The ad-
ditional new possibility of boosting SC via uniaxial stress is
also presented.
4.1 Reentrant superconductivity, FM wing, QCEP, FS insta-
bilities
In a transverse field scan (H ‖ b), RSC appears in the
field range from 8 to 13 T, and the easy magnetization axis
switches from the c- to b axis at HR = 12 T.57, 96) Figure 25(a)
shows the evolution of the total magnetization Mtot with H
and its component along the b-axis in an H scan along the b-
axis at 2 K. Figure 25(b) shows the resistivity measurements
in this H sweep revealing a sharp maximum at HR = 12 T for
500 mK, and zero resistivity in the field range from 8 to 13 T
at 40 mK.57) Misalignment of H by 5◦ towards the c-axis leads
to a weak maximum of resistivity at 500 mK and a narrowing
of RSC from 12 to 14 T at 40 mK. Based on the evidence that
in the Hb-Hc plane, FM wings appear upon adding an extra
Hc component, a QCEP at 14 T tilted θ ∼ 6◦ to the c-axis was
proposed (Fig. 26).96, 97) The wing structure has been investi-
gated extensively by angle-resolved magnetization measure-
ments;98) the schematic T , Hb, and Hc phase diagram is shown
in Fig. 26(b).98) The QCEP is located at HQCEP = 13.5 T and
Hc = 1.1 T, in good agreement with the previous estimation
of HQCEP = 14 T.99) Confirmation of the TCP emerges from
Hall effect,100) ac susceptibility,100) TEP,101, 102) and NMR103)
measurements. For example, as shown in Fig. 27, NMR spec-
tra show both FM and PM signals at around 4 K at 12 T close
to HR.
59Co-NMR experiments on URhGe doped with 10%
clearly show the strong increase in 1/T2 in a field scan along
the b-axis towards HR.104, 105) The huge increase in the lon-
gitudinal fluctuations at HR shown by the 1/T2 measurement
coincides with a concomitant increase in 1/T1, which is sen-
sitive to transverse fluctuations. The transition towards an FM
instability along the b-axis has been indicated already by the
huge value of χb compared with χc in a low field. Because of
11
J. Phys. Soc. Jpn.
0. 6
0. 4
0. 2
0. 0M
om
en
t 
(µ
B
/U
R
hG
e) M total 
 Mb
θ  = 0° 
T = 2 K
8
6
4
2
0
R
 (a
rb
.u
ni
ts
)
1612840
µ0H  (Tesla)
 θ = 0o 
 θ = 5o 
 
500 mK
40 mK
(a)
(b)
Fig. 25. (a) Magnetization of URhGe determined from neutron scattering
experiments. Mtotal is the total magnetization contributed from both the Mb
and Mc components, where Mb is the magnetization of the b-axis component
for H ‖ b with perfect alignment (θ = 0). Spin reorientation occurs at HR =
11.8 T. (b) Consequence of 5◦ misalignment on resistivity curve at 40 mK,
for θ = 0◦. SC (ρ = 0) extends from 8 to 13 T, while a sharp maximum in ρ
can be found in the normal phase (T ≥ 500 mK). A weak misalignment of 5◦
towards the c-axis leads to an increase in µ0HRto ∼ 13 T, a broadening of the
maximum ρ in the normal phase, and a shrinking of the SC domain (12 − 14
T). For θ = 5◦, we are already close to the QCEP indicated in Fig. 26.57, 96)
Fig. 26. (Color online) (a) Existence of FM wings in the (T , Hb, Hc) phase
in URhGe reported in Refs. 97, 99. The QCEP is located at Hc ∼1.1 T and
HR ∼13.5 T, corresponding to a misalignment of θ ∼ 5◦. (b) Confirmation of
the wings in URhGe by precise magnetization measurements.98)
the weakness of the magnetocrystalline coupling, the specific
feature in URhGe is the competition between FM along two
axes (c and b): the transverse fluctuations of one mode be-
come longitudinal fluctuations for the other mode. Figure 28
shows the variation of 1/T2 in the Hb-Hc plane. In contrast
to UCoGe,106) where, in low fields, (1/T1)b/(1/T1)c is larger
than 20,106) the ratio in URhGe is small, (1/T1)b/(1/T1)c ∼
2.5.103, 104)
An additional effect detected from the TEP101, 102) is that
FS instability occurs at HR, as demonstrated by the change
in the sign of S (Fig. 29). The reconstruction of the FS has
already been reported on the basis on Shubnikov−de Haas os-
cillations at θ ∼ 12◦ from the b- to c-axis in order to escape
from RSC.107) However, the FM wing is never crossed in field
at θ ∼ 12◦ as it is beyond the QCEP. We will discuss how a
Lifshitz transition enhances the electronic correlation in Sec-
tion 6. Contrary to the case of UGe2 mentioned before, in
frequency ranges. The inset shows a field-swept spectrum in
which a central transition was observed at ∼9.4 T. In the
frequency-swept spectrum, this transition corresponds to the
peak at ∼14.8MHz, which is lower than the central transition
of ∼15.9MHz for H0 k c, indicating that the internal field
along H0 is much smaller than the case of H0 k c. The
spectrum in Fig. 2(b) is reproduced by ! ¼ 90° and " ¼ 0°,
which are the angles obtained when Heff is parallel to the
b-axis. Actually, the directions of H0 and Heff are slightly
different owing to the presence of Hint, but this contribution is
expected to be small because of H0 " Hint. Therefore, the
simulation indicates that the crystals are oriented along
H0 k b. The orientation along H0 k b is also confirmed by a
signature of the field-induced spin reorientation, as described
later.
3.2 Temperature dependences of the NMR shifts
Figure 4(a) shows the temperature dependence of NMR
shift defined as Heff # H0 for H0 k c (easy axis). The increase
in the shift at $10{20K originates from the development of
the magnetization along the c-axis, Mc. The shifts at 1.6K
under 3, 5, and ∼9T and the magne ization data18) g ve a
hyperfine coupling constant along the c-axis as Ac $ 3:24
T=#B. Here, Ac is defined as Heff #H0 ¼ AcMc. The
temperature derivatives of the shifts show peaks, which
depend on H0, as shown in Fig. 4(b). This temperature
corresponding to the increase in the magnetization is
estimated to be ∼14K at H0 ¼ 3T and ∼18K at H0 ¼ 5T.
These are apparently higher than TCurie ¼ 9:5K at zero field,
indicating that the transition is a crossover under the
magnetic field along the easy axis.
Figures 5(a) and 5(b) show the NMR spectra for the
central transition at several temperatures for H0 k b. At
H0 ¼ 9T, the peak position shifts to the higher frequency
with temperature decreasing to ∼8K, and then returns to the
lower frequency slightly. All the spectra are reproduced by
a single Gaussian function. The temperature dependences
of the NMR shift Heff # H0 estimated from the resonance
frequencies are shown in Fig. 6(a). The shift at H0 ¼ 9T
increases with temperature decreasing to $7{8K, at which it
has a broad maximum. This temperature corresponds to TCurie
under H0 k b, which decreases from the original value of
TCurie ¼ 9:5K.16,18) The shifts above 9T show that TCurie
decreases with further application of the magnetic field. On
the other hand, the hyperfine coupling constant along the
b-axis was estimated to be Ab $ 3:25T=#B from a compar-
ison between the shift and the magnetization data in the
Internal field at the Ge site
First principal axis of EFG at the Ge site, Vzz
a
c
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Fig. 3. (Color online) Relationships among the crystal axes, the principal
axes of the EFG, and each magnetic field, Hint and Heff . It is assumed that Vzz
(! ¼ 0°) lies in the ac plane and the second principal axis (! ¼ 90°, " ¼ 0°)
lies along the b-axis from the first-principles calculation. The Hint at the Ge
site is tilted slightly from the c-axis. This is expected to originate from the
anisotropy of the hyperfine coupling constants.
(a)
(b)
Fig. 4. (Color online) Temperature dependence of the NMR shift Heff #
H0 for H0 k c. The shift increases toward low temperatures because of the
development of a static moment. Their derivatives have a peak at the
characteristic temperature of a crossover, which is higher than the original
TCurie.
(a) (b)
Fig. 5. (Color online) NMR spectra of the central transitions for H0 k b.
At 9T, the peak position shifts to a higher frequency down to ∼8K, and then
returns to a lower frequency slightly. This temperature of ∼8K corresponds
to TCurie under H0 k b. At 12T, the spectrum is composed of two
components at around TCurie, indicating that the transition is of first order
accompanied by the phase separation.
J. Phys. Soc. Jpn. 84, 054710 (2015) H. Kotegawa et al.
054710-3 ©2015 The Physical Society of Japan
Fig. 27. (Color online) NMR spectra of the central transitions for H ‖ b in
URhGe. At 9 T, the peak position shifts to a higher frequency down to ∼ 8
K and then returns to a slightly lower frequency. This temperature of ∼ 8 K
corresponds to TCurie under H ‖ b. At 12 T, the spectrum is composed of two
components at around TCurie, indicating that the transition is of the first order
and accompanied by phase separation.103)
Fig. 28. (Color online) Map of the magnetic fluctuations detected via 1/T2
at 1.6 K for URh0.9Co0.1Ge with H ‖ b and field misalignment along the c-
axis (Hc). θ is varied from 0 to 11◦. The open squares indicate where RSC oc-
curs at low temperatures. The solid triangles show the variation of HR.104, 105)
URhGe as well as in UCoGe, at first glance, it seems that the
SC pairing is driven mainly by the strength of the FM fluc-
tuation (constant mB) without the necessity of invoking FS
reconstruction.
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and Tcoh ≈ 1 K. T! may mark a characteristic energy of the
interplay between the magnetic excitations and the establish-
ment of the FM FS below TC. Tcoh indicates the entrance in
the coherent low temperature Fermi-liquid regime in which
the TEP is linear in T for T → 0 K. In the inset, a typical
field dependence of the TEP in the paramagnetic (PM) state
at T ¼ 12.4K > TC is represented. The TEP still exhibits a
broad minimum around Hcr ≈ 12 T defining a crossover
TcrðHÞ between the PM and PPM state. This crossover can
still be observed at 36 K and 18 T.
Figure 3 presents S=T as a color plot in the (T,H) plane.
We can clearly see that at low temperature S=T is strongly
negative (dark blue) in the FM state (below HR) and
becomes positive (dark red) in the PPM state. The different
anomalies obtained in the TEP measurements for JQ, H∥b
are superimposed. The width of the FM transition (for
details see Fig. S1 of the Supplemental Material [31])
observed in the H scans of the TEP around HR is also
represented (red horizontal lines). The sudden increase
of the transition width with increasing temperature is
a clear signature of crossing the TCP, which hence can
be located precisely at TTCP ¼ 2 K and HTCP ¼ 11.5 T.
Concomitantly, the low temperature energy scales T! and
Tcoh seem to converge to the same point in the (T,H) plane,
suggesting a link with the TCP. Magnetic torque measure-
ments located a TCP at 11.45 T [32,36] for a perfect
alignment along the b axis leading exactly to the same
value ofHR. For T < TTCP, the FM transition becomes first
order and is independent of the field.
The temperature dependence of the resistivity ρ is
represented as a function of T2 in Fig. 4(a). At very low
temperatures ρðTÞ follows the Fermi-liquid theory with
ρðTÞ ¼ ρ0 þ AT2. With increasing temperature ρðTÞ devi-
ates from the T2 dependence with an exponent n < 2 for all
fields except for H ¼ 0. We fitted ρðTÞ such as
ρðTÞ ¼ ρ0 þ ATn, on a sliding window of 400 mK below
14 K. ρ0 is the residual resistivity and A is the coefficient
characterizing the amplitude of the inelastic scattering. The
field dependence of A determined at the lowest temperature
is shown in Fig. 4(b). It exhibits a peak atHR, indicating an
increase of the effective mass associated with spin fluctua-
tions. A similar behavior of AðHÞ has been observed in the
transverse configuration [37]. The enhancement in AðHÞ
starts roughly near the characteristic field where the cross-
over line TcrðHÞ intercepts TCðHÞ at H! ¼ 8.8 T [black
arrow in Fig. 4(b)] and where TCðHÞ starts to decrease.
Astonishingly, the magnetization along the c axis, Mc,
starts to decrease already at H! [22], see Fig. S2 of the
Supplemental Material [31]. The RSC in the TEP and in
the magnetoresistance measurements is found at 270 mK
between 10 and 12.5 T. The strong enhancement of A in the
field range 8–15 T with a maximum at HR is in excellent
agreement with the observation of the enhancement of the
nuclear relaxation rates ð1=T1Þ and ð1=T2Þ detected by
NMR [34,38]. We notice that our TTCP estimation is lower
than that proposed in Ref. [34] where TTCP ≈ 4 K.
A linear color plot of the exponent n of the resistivity in
the (T,H=HR) plane is represented in Fig. 4(c) where the
FIG. 3. Linear color map of S=T in the (T,H) plane. The Curie
temperature TC (black circles), the energy scales T! (green
circles) and Tcoh (pink circles), the reentrant superconductivity
TRSC (red circles), and the crossover line Tcr between the PM and
the PPM state (blue circles) are superimposed. The transition
width observed in the TEP around HR is also represented (red
horizontal lines).
FIG. 4. (a) Resistivity as a function of T2 for Je∥b, H∥b below
4 K for different magnetic fields. Linear fits at low temperature
are represented by dashed lines. The vertical arrows indicate the
deviation from T2 dependence. (b) Field dependence of the A
coefficient of the resistivity. (c) Linear color map of the exponent
n of the resistivity [ρðTÞ ¼ ρ0 þ ATn] in the (T, H=HR) plane.
The different anomalies observed in the TEP are superimposed on
the phase diagram.
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Fig. 29. (Color online) Results of thermoelectric power (TEP) experiments
on URhGe down to T = 0.25 K. TCR represents the crossover line between
the PM and polarized PM phase above TCurie. The transition widths observed
in the TEP around HR are shown by horizontal lines. The TCP is located
close to 2 K.101, 102)
4.2 Modeling by considering field enhancement of m∗∗ at
HR
The proximity of the FM instabilities at HR is indicated by
the enhancement of the Sommerfeld coefficient (Fig. 30), the
enhancement of the A coefficient in the T 2 dependence of re-
sistivity, and the concomitant increase in 1/T1 and 1/T2. The
Hc2 curve for H ‖ b can almost be quantitatively explained
by a crude model, where sweeping H drives an enhancement
of m∗∗ linked to the approach of the FM instabilities.108, 109)
In the normal FM phase, the H and P depend nce of m∗∗ and
mB can be estimat d from the temperature dependence f C/T
through TCurie110) or the H dependence of the A coefficient.
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Fig. 30. (Color online) Field variation of the Sommerfeld coefficient γ as
a function of H.55)
The feedback on Hc2 (Fig. 31) was to boost the refer-
ence zero field TSC corresponding to m∗∗H and also act on
the slope of Hc2(T ) by increasing the total effective mass
m∗(H) = m∗∗(H) + mB. Thus, TSC(m∗∗H ) was estimated to vary
with the McMillan-type formula
TSC = T0 exp
(
−λ + 1
λ
)
with λ ≡ m
∗∗
mB
,
where T0 is the renormalized electronic energy related to
mB. The orbital limit gives the Hc2 dependence Hc2(0) ∼
(m∗TSC)2. From the specific heat measurements, λ = 0.5 at
H = 0 and λ = 1 at HR.
Hc2ðHÞT!0 # ½m%ðHÞT0scðm%HÞ&2; ð5Þ
one can estimate T0scðm%HÞ and Hc2ðHÞ for a given value of
Ac # ðmBÞ2. Figure 6 represents th predicted H dependence
of T0scðm%HÞ and Hc2ðm%HÞ as a function of H for sample #1a,
where Ac ¼ 1:1 m! cm/K2 is chosen, corresponding to the
hypothesis of a field independent band mass mB. Following
our suggestions,26) similar calculations were made,27) how-
ever, no measureme ts were carried out for the field
dependence of T2-law in the resistivity. As shown in the
inset of Fig. 5, the quadratic temperature dependence of the
resistivity were observed at high fields.
Surprisingly, the predicted Hc2 is in good agreement
with the results of experiments, as sh wn in Fig. 6(b). Tsc at
HR is e hanced by a factor of 1.7, which is larger than
the estimated value from the field variation of !0=
ffiffiffi
A
p
, as
discussed above. Here we note that the T0scðm%ðHÞÞ strongly
depends on the chosen value of Ac, namely mB. When mB
increases, the evaluated T0scðm%ðHÞÞ increases as well.
URhGe is a good example where the RSC due to the spin
reorientation can be described by a field enhancement of the
correlation, namely enhancement of m%% and invariance of
mB. The spin reorientation mechanism leads to escape from
the rigidity of Ising spin dynamics. The fluctuation between
c- and b-axis component f the magnetiz tion in the large
field range may lead to a large field window of the mass
enhancement, which is in agreement with the large field
region of RSC. According to the neutron scattering experi-
ments for H k b, the sublattice magnetization for c-axis, Mc
st rts to decrease from 8T and becomes zero at HR ¼ 11:5T
with increasing field.8) On the other hand, the sublattice
magnetization for b-axis, Mb linearly increases from zero,
and becomes Mb ¼ Mc at 10.5 T. Finally, Mb is fully
polarized at HR ¼ 11:5T. It means that the fluctuation
between Mb and Mc starts to develo from 8T. imply
thinking, when Mb ¼ Mc is realized, the magnetic fluctua-
tion may become maximum, implying the large enhance-
ment of the effective mass. This may correspond to a
maximum value of A at a field, which is slightly lower than
HR defined as a peak of !0, as shown in Fig. 2. A fit of the
resistivity ! by a T2 law lead to find another weak maxima
of A for sample #1a and #1b. Its origin is left to the future
study. It may be caused by the intrinsic effect due to a H
crossover between collision and quantum criticality regime
or the small misalignment inside the crystal.
On the other hand, for the other FM superconductor UGe2,
the field change of SC prop rties c rresponds to a drastic
switch n the description of the ferromagnetism: from
perfectly polarized FM2 to imperfectly polarized FM1
according to the recent neutron scattering analysis.28) For
UGe2, the Ising character is preserved at the switch from
FM1 to FM2 at Hx, furthermore this switch is associated
with a drop of m%.29,30) The key phenomena for SC does not
appear in the proximity to the ferromagnetic–paramagnetic
(FM–PM) instability but in the instability at Px, where the
system may switch from FM2 to FM1. The pressure
dependence of Tsc cannot be related to the pressure increase
of " term from FM2 to FM1, via an increase of m%% and
application of the eq. (3). Obviously, the main phenomena is
either a change in the Fermi surface topology as discussed
in ref. 31 or another origin of pairing as proposed in the
charge density wave scenario.32,33) At least in the frame of
our model, TB must ch ng on both si e of Px. It is more
complicated than the case of URhGe. The drastic change of
Fermi surfaces in UGe2 were reported between P < Px and
P > Pc, but the experimental results between Px and Pc are
still unclear.34,35)
It is interesting to compare URhGe with CeRu2Si2, a
heavy fermion compound highly studied for its metamag-
netic transition at HM where a sharp crossover occurs
between a low field PM phase and a high field polarized PM
(PPM) phase at HM ¼ 7:7T. Figure 7 shows the relative
field variation of AH=AH% in reduced scale of H=H%, where
Fig. 5. (Colo online) Field dependence of the resistivity on sample #1a
at various temperatures. The numbers of legend indicate temperatures in
the unit of mK. The inset shows T2-dependence of the resistivity under
magnetic fields of H ¼ 9, 10, 11, 12, 13, 15, and 14T from bottom to top.
Fig. 6. (a) Calculated Tsc at zero field and (b) Hc2 as a function of
magnetic field. The solid line in panel (b) indicates the applied magnetic
field. The superconductivity appears under the condition of Hc2 > H.
J. Phys. Soc. Jpn., Vol. 77, No. 9 A. MIYAKE et al.
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Fig. 31. (a) Field dependence of the SC transition T 0SC(m
∗
H) for
URhGe,evaluated at zero field assuming m∗∗(H) is equal to the H = 0 ef-
f ctive mass. (b) Calculation of H2c2(0)∝ (m∗HTSC)2 taking into account the
vari tion of T 0SC assuming with the hypothesis of the invariance of mB.
108, 109)
Another wa to evaluat the field dependence of λ111, 112) is
to use the Hc2(T ) dependence and then v rifies its agreement
with the field variation of γ according to the relation:
λ(H) =
γ(H)
γ(0)
(1 + λ(0)) − 1.
A series of Hc2 curves wit a fixed λ are drawn via a con-
ventional treatment for strong coupling SC and are adjusted
to extract λ(H). The modified McMillan formula TSC ∝
exp (−1/(λ − µ∗)) was used with the Coulomb repulsion pa-
rameter µ∗ = 0.1. In this analysis, λ(H = 0) = 0.75 and
λ(HR) ∼ 1.4.
4.3 Effects of pressure and uniaxial stress
The P dependence of RSC predicted by the first approaches
indicates that RSC disappeared at a pressure of PRSC ∼
1.5 GPa,109) i.e., much lower than the pressure PS where SC
collapses (Fig. 32). Und r pressure, TCurie in re ses with HR,
while m∗(HR) d creases.
Note that the quasi-c i cidence of the collapse of RSC to
HQCEP wi h increasing θ. The increase in HR along the b-axis
with the Hc component is a direct co s quence of the wing
s ructure. As θ increases in the (Hb, Hc) plane, HR increases,
whereas the effective mass m∗∗ and χb decrease. The butterfly
SC shape given by Hc2 (see Fig. 42) is a direct consequence of
not only adding an Hc component with increasing of HR but
also decreasing T 0SC(m
∗) as m∗H(θ) decreases. RSC will col-
lapse for a critical value of T 0SC(θ).
The RSC domain appears to be quite robust, at least for
HR < HQCEP . As shown in Fig. 33 for a moderately clean
crystal, diamagnetic shielding of the low-pressure phase is
negligible while a clear diamagnetic signal is observed in the
RSC domain. The RSC domain above HR is narrow close to
0.2 T. This experimental observation provides evidence of a
change in the order parameter at HR.
An interesting point is that m∗∗(H)/m∗∗(0) depends only
on the ratio H/HR.109) A decrease in m∗∗(0) leads to a de-
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Fig. 32. (Color online) Pressure (P) dependence of the (T,H) phase dia-
gram of URhGe for H ‖ b with the shrinkage of RSC. RSC collapses for
PRSC = 1.5 GPa, which is roughly Ps/2.108)
crease in m∗∗(HR). This situation is reminiscent of the case
of CeRu2Si2, where a sharp pseudo-metamagnetic crossover
at HM occurs from a nearly AFM phase at H = 0 to a polar-
ized PM phase at HM with M(HM) = χ0HM (χ0: initial-low
field susceptibility).18) Scaling of H/HM is observed under
pressure of m∗(H)/m∗(0). Then P motion of HM occurs for
the critical value of magnetization, M(HM).18, 113) A change
in magnetic correlations is associated with a drastic change
in the FS; when the magnetic polarization reaches a critical
value,18) the low-field PM FS becomes unstable. As we will
see in Sect. 6, a Lifshitz transition at HR can strongly enhance
m∗H as it will occur qualitatively through the crossing of the
FM instability. Scaling of H/HR is an additional key signature
of the Lifshitz transition. There is an additional mechanism to
FM spin fluctuations with the assumption of invariance of the
FS for RSC.
A novel possibility for driving the FM instability between
the c- and b-axes is to apply uniaxial stress σ along the
b-axis, as thermal-expansion experiments demonstrate that
TCurie strongly decreases with increasing σ. The target is to
reach the FM quantum criticality along the c-axis and even
to switch to FM along the b-axis by changing the sign of the
magnetocrystalline energy.114) At least the tendency to reach
the FM instability along the b-axis is clear from the increase
in the susceptibility χb [Fig. 34(a)]. Furthermore, as HR would
occur when χbHR ≈ M0, the expected concomitant effect is a
decrease in HR. Figure 34(b) shows the uniaxial stress depen-
dence of TCurie(H = 0), TSC(H = 0), Mb (the magnetization
at 5 T) and the increase of H−1R . Let us emphasize the ma-
jor boost of TSC(σ) at zero field associated with the increas-
ing of χb. At σ = 1.2 GPa, the maximum TSC reaches 1 K at
HR = 4 T, while TSC at zero field increases to 0.5 K.
Fig. 33. (Color online) Diamagnetic shielding response in URhGe detected
from AC susceptibility (χac) as a function of H for H ‖ b. The inset shows
the temperature dependence of Hc2.
Fig. 34. (Color online) (a) Effect of uniaxial stress σ on the URhGe mag-
netization curve with H ‖ b. (b) Uniaxial stress dependence of the zero field
TSC(0), the inverse HR, and the inverse TCurie at H = 0.114)
In the σ experiments, it was not possible to quantitatively
derive the normal-phase parameter. presumably because of in-
sufficient σ homogeneity. However, as shown in Fig. 35(a),
drastic changes occur in the behavior of Hc2, RSC is replaced
by upward enhancement of SC. Analysis of Hc2 leads to the
field dependence of λ(H) at different stresses σ [Fig. 35(b)].
Furthermore, scaling of λ(H)/λ(0) as a function of H/HR is
obeyed. Approaching the FM instability at H = 0 under uni-
axial stress result in the marked enhancement of SC at HR.
5. Properties of UCoGe
UCoGe offers the opportunity to study in more detail the
interplay of FM and SC with the decrease in TCurie down to
2.5 K and the increase in TSC up to 0.6 K at ambient pres-
sure. Furthermore, in contrast to URhGe, a moderate pressure
(P ∼ 1 GPa) drives the FM-PM instability. Special attention
is given to NQR and NMR results.
5.1 NQR view of FM and SC transition
Figure 36 shows the temperature dependence of 1/T1 mea-
sured by 59Co-NQR in single-crystal UCoGe down to 70
14
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Fig. 35. (Color online) (a) Phase diagram of URhGe at different σ with
H ‖ b. (b) Dependence of λ on field in URhGe at different σ with H ‖ b
mK.115) 1/T1 in the single crystal remains nearly constant
down to T ∗ ' 40 K and gradually decreases below T ∗. The
magnetic susceptibility deviates from the Curie-Weiss behav-
ior and the electrical resistivity along the c-axis shows metal-
lic behavior below T ∗; T ∗ is regarded as the characteristic
temperature below which the U-5 f electrons become itiner-
ant with relatively heavy electron mass. Below 10 K, 1/T1 in-
creases and shows a large peak at TCurie ' 2.5 K owing to the
presence of FM critical fluctuations. However, the 59Co-NQR
spectrum gives evidence of first-order transition behavior at
TCurie. As shown in Fig. 37,115) with decreasing temperature,
the intensity of the 8.3 MHz NQR signal arising from the PM
region decreases below '3.7 K, while an 8.1 MHz signal from
the FM region, which shifts as result of the presence of the in-
ternal field (Hint) at the Co site, appears below 2.7 K. The two
NQR signals coexist between 1 and 2.7 K, but the PM sig-
nal disappears below 0.9 K. This indicates that although the
phase separation between the PM and FM regions occurs at
TCurie, the single-crystal UCoGe is in the homogeneous FM
state, which is proof of the absence of the PM signal below 1
K. Also note that the frequency of the FM signal, 8.1 MHz, is
nearly unchanged from its first appearance. The experimen-
tal results of the discontinuous appearance of the FM signal
and of the coexistence of FM and PM signals around T = 2
K show that the FM transition is of the first order. However,
when the temperature variation of the NQR intensity of the
PM and FM signals was recorded in cooling and warming pro-
cesses, no hysteresis behavior was observed, the energy dif-
ference between the PM and FM phases was very small. The
results are consistent with the previous discussion on UGe2
that the low-temperature transition in itinerant ferromagnets
is generally of the first order (see Sect. 3 on UGe2).81, 82) The
FM transition of UCoGe is close to the TCP.
In the SC state, the fast component of 1/T1 in the FM sig-
nal is roughly proportional to T , indicating that it originates
from non-superconducting regions. In contrast, the slow com-
ponent in the FM signal decreases rapidly below TSC, roughly
as T 3, suggestive of line nodes on a SC gap. The red bro-
ken line in Fig. 36 shows a fit using the line-node model
∆(θ) = ∆0 cos θ with ∆0 = 2.3kBTSC. The detection of the SC
gap via the FM signal provides unambiguous evidence for the
microscopic coexistence of ferromagnetism and superconduc-
tivity. In addition, the results below TSC provide some new in-
sight on the nature of the superconductivity in UCoGe. From
the relaxation in the FM signal, nearly half of the sample vol-
ume remains non-SC even at 70 mK, wheseas the sample is in
a homogeneous FM state below 1 K. The inhomogeneous SC
state is expected to be related with the SIV state, as discussed
below.
Co-NQR measurements of the reference compound
YCoGe were performed.116) YCoGe has the same TiNiSi
crystal structure and similar lattice constants to UCoGe but
has no f electrons. The band calculation suggests that the con-
tribution of Co-3d electrons to the density of states is similar
in UCoGe and YCoGe. As shown in Fig. 36, 1/T1 of Co fol-
lows the T -linear relation below 250 K down to 0.5 K; this
is a typical metallic behavior, and neither ferromagnetism nor
superconductivity was observed down to 100 mK.116) These
results prove that the ferromagnetism and unconventional su-
perconductivity in UCoGe originate from U-5 f electrons.
5.2 Self-induced-vortex (SIV) state
Since the temperature where the second component of 1/T1
emerges coincides with TSC in UCoGe, the two-relaxation be-
havior of 1/T1 is considered to be intrinsic. Furthermore, from
recent pressure NQR measurements on the same single crys-
tal, the non-SC component of 1/T1 disappears in the high-
pressure SC state, where the FM state is suppressed. This
strongly indicates that the non-SC component is not an ex-
trinsic effect, such as impurities or inhomogeneity of the sam-
ple, but an intrinsic effect induced by the presence of the FM
moments. The plausible origin of the non-SC component is
ascribed to the SIV, as pointed out in Sect. 2. The SIV state
in UCoGe has also been indicated by a muon experiment,117)
and is now clearly observed in magnetizatiion data.
It is worth examining the response of the magnetization of
UCoGe to the interplay between FM and SC.118, 119) A rough
estimation of the local critical field Hc1 from Hc2 and Hc (ther-
modynamic critical field estimated from specific heat) gives
Hc1 ∼ 3 G along the c-axis and approximately 0.1 G along
the a- and b-axes. Clearly, owing to the strength of the internal
field near 100 G (see table II), SIVs already exist at H = 0. In
Fig. 38, it is worth observing the change in the hysteresis cy-
cle above 500 mK and below TSC at 75 mK: the coercive field
is 6 G at 500 mK and increases 16 G at 75 mK.120) Expulsion
of the flux is shown in Fig. 38. For H ‖ c, the flux expulsion is
directly related to the bulk magnetization; it operates on each
FM domain. Scanning SQUID microscopy120) helps to clarify
the macroscopic figures but the vortex lattice has not yet been
observed. No shrinkage of FM domains has been detected, as
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Fig. 36. (a) (Color online) Temperature dependence of 59Co NQR 1/T1 in
single-crystal UCoGe. 1/T1 was measured at the PM (8.3 MHz) frequency
above 2.3 K, shown by blue circles. Below 2.3 K, 1/T1 was measured at the
FM (8.1 MHz) frequency. Two 1/T1 components were observed in the SC
state: the faster (slower) component denoted by red solid (open) squares. The
red broken curve below TSC represents the temperature dependence calcu-
lated assuming a line-node gap with ∆0/kBTSC = 2.3.115) The inset shows the
Co-NQR spectra corresponding to the E±5/2 ↔ E±7/2(ν3) transitions above
and below TCurie.
proposed theoretically.121, 122) Recent calculations of the mag-
netization in the FM-SC phase confirm slight magnetization
expulsion in the frame of two FM bands with equal spin pair-
ing.31) The regime near the vortex core may be the origin of
the fast component of T1. However, the number of vortices
that can be derived from specific heat measurement (Fig. 7)
cannot quantitatively explain the large relaxation component
detected by NQR. Further improvement of the crystal purity
may help clarify the SIV phase.
5.3 Ising fluctuation with strong H dependence in longitu-
dinal and transverse H scan NMR studies
The weakness of M0 and TCurie leads to the new feature
that the FM Ising-type interaction in the FM and PM ground
states will collapse rapidly under a longitudinal magnetic field
H ‖ c ‖ M0.36, 58) Further neutron inelastic experiments,123) as
well as measurements of T1106, 124) by NMR with H ‖ a, ‖ b,
and ‖ c, show that the magnetic fluctuations are of the Ising
type with fluctuations of the magnetism parallel to M0. Fig-
ure 39 shows the temperature dependences of 1/T1T in the
three main directions. This longitudinal fluctuation is strongly
affected strongly by the strength of the Hc component of H
along the c axis, as shown in Fig. 40(a), where θ is the angle
from the b-axis in the bc-plane. Although the data follow the
classical equation of
1
T1
(θ) =
1
T b1
cos2 θ +
1
T c1
sin2 θ (1)
Fig. 37. (Color online) (a) 59Co NQR spectrum of single-crystal UCoGe
in PM state. (b) Temperature variation of the 59Co NQR spectrum from the
±5/2 ⇔ ±7/2 transitions (ν3) in the single-crystal sample.115) The inset (c)
shows the FM signal at 8.1 MHz at T = 2.5 K.
with constant values of T b1 and T
c
1 at 20 K, the low-
temperature data below 4.2 K do not follow the relation at
all, since T b1 depends on H
c. As shown in Fig. 40(c), Hc is
the key parameter.124) To investigate how the longitudinal FM
fluctuations along the c-axis 〈(δHc)2〉 couple to the external
field, 〈(δHc)2〉 is derived as a function of 1/T1(θ) by combin-
ing the equation of 1/T1T and eq. (1) assuming that the mag-
netic fluctuations in the ab-plane are isotropic in the low-field
region (〈(δHa)2〉 ∼ 〈(δHb)2〉):
〈(δHc)2〉 ∝ 1
cos2 θ
(
1
T1
(θ) − (1 + sin
2 θ)
2
1
T c1
)
. (2)
Figure 41 is a plot of
〈
(δHc)2
〉
at 1.7 and 0.6 K against Hc.
When Hc2 along the b-axis is drawn in the same figure, super-
conductivity is observed in this narrow field region where the
longitudinal FM spin fluctuations are active.
The longitudinal FM fluctuations
〈
(δHc)2
〉
, which are cou-
pled with superconductivity, are different from the ordinary
spin-wave excitation observed in the FM ordered state. In the
conventional FM state, the low-lying spin excitation is a trans-
verse mode corresponding to the Nambu–Goldstone mode,
but the FM fluctuations observed in UCoGe are an longitu-
dinal mode of the U-5 f moment.
In addition, to point out the link between the angle depen-
dence of Hc2(θ) and that of the low-field FM fluctuations seen
via T1(θ), Fig. 42 shows the difference in Hc2 between UCoGe
and URhGe as a function of the angle θ from the b-axis: the
link between the Ising character of the fluctuation along the c-
axis is sensitive in UCoGe, but rather insensitive in URhGe. It
is noteworthy that there are two SC regions in UCoGe as well
as in URhGe: one is in the SC state, which has an extremely
large Hc2 and is sensitive to θ for H ‖ b, and the other is in
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axes, respectively. The residual resistivity ratio was 25,
indicating a high quality. The ferromagnetic transition
temperature was TCurie ¼ 2:5 K, as deduced from an
Arrott plot. The onset of superconductivity measured by
the ac susceptibility was approximately Ts ¼ 500 mK.
The interplay of the ferromagnetic and superconducting
behaviors can be seen in Fig. 1, where minor hysteresis
cycles are plotted for various applied fields. These mea-
surements were made along the c axis (easy axis). The
hysteresis cycles shown in Fig. 1(a) were measured at
500 mK, which was just above the superconducting
transition for this sample. For very small applied fields,
H < 3 Oe, the initial magnetization is almost reversible
and slightly positive. As the fields are increased, hysteresis
begins to appear. A plot of the coercive field as a function
of temperature is shown in inset (b), where a small kink is
observed at Ts. The coercive field for this sample at
500 mK is approximately 6 Oe, which is rather small and
implies relatively weak pinning of domain walls. Typical
of weak ferromagnetic behavior, the spontaneous moment
is also very small, approximately 0:043!B, much smaller
than the effective moment 1:53!B we obtain from the
Curie constant measured in the paramagnetic phase above
the ferromagnetic transition.
Figure 1 also shows hysteresis cycles measured at
75 mK, deep in the superconducting phase. At first glance,
the hysteresis is wider, and, each time the field ramp
direction is changed, there is an immediate increase in
the magnetization (in sharp contrast to the ferromagnetic
state, where the magnetization either remains nearly con-
stant or decreases). The increase is a distinctive feature of
magnetization curves for type 2 superconductors in the
mixed state. When the field is reduced, an electromotive
force is created that is opposite to that felt by the sample
when the field was being increased. This results in the
reversal of the superconducting screening currents on
the surface of the sample. On further reduction of the field,
the currents will begin to penetrate into the sample and the
trapped field in the form of vortices is changed, resulting in
hysteresis. This diamagnetic response is more clearly seen
in Fig. 1(e), which shows the evolution of some minor
hysteresis loops with increasing field. For small enough
fields, i.e., the first three curves in Fig. 1(e) (H ¼ "2, 4,
and 6 Oe), the ferromagnetic response would be nearly flat
and reversible if we extrapolate the trend observed above
500 mK down to a lower temperature. As a result, for these
small fields, the ferromagnetic component is negligible and
the observed magnetization curves can be reasonably well
described using the Bean critical state model. (See, for
example, Fig. 5 in Ref. [17].)
Figure 1(f) shows that, even in 1 Oe, hysteresis is
present, implying that the sample is in the mixed state.
A rough estimate of the lower critical field can be given by
the relation
ffiffiffi
2
p
H2c ¼ Hc1Hc2, where Hc is the thermody-
namic critical field that can be obtained from specific heat
measurements Hc # 100 G [11]. Using known values for
Hc2 [13,18], we might expectHc1 to be of the order of 0.05,
0.07, and #3 G along the a, b, and c axes, respectively.
Along the c direction, we estimate the internal magnetic
FIG. 1 (color online). Minor hysteresis cycles measured well
below the ferromagnetic transition TCurie ¼ 2:5 K along the c
(easy) axis of a single crystal of UCoGe: (a) T ¼ 500 mK, just
above the superconducting transition; (c), (e), (f) T ¼ 75 mK,
deep in the superconducting phase. Inset (d) compares two cycles
from (a) and (c). (e) shows the evolution of some minor hysteresis
loops with increasing field, and (f) is a closer inspection of the
"1 Oe loop, showing flux penetration into the sample even at
this small field. Inset (b) is a plot of the coercive field vs T, and a
kink is observed at the superconducting transition (dashed line).
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field from the spontaneous moment to be approximately
B ¼ 4!M ¼ 95 G. Therefore, the field inside a domain
in the c direction, even in zero applied field, is much
greater than our estimate of Hc1 along this direction. On
the other hand, the magnetic anisotropy is very large and
the magnetization along a or b in the normal state is
exceedingly small (if plotted with the same scale as Fig. 1
at 500 mK, it would be indistinguishable from the x axis);
thus, the internal fields are nearly zero along these direc-
tions. Could a perfect Meissner state exist along these
directions?
Avery sensitive means of detecting flux penetration is to
measure the a susceptibility, ". In partic lar, the imagi-
nary part of the susceptibility, "00, which is related to losse
and hyst resis, is an excellent indicator of the first pene-
tration of flux in o the sample. If the s a perfect Meissner
state up to Hc1, then "
00 as a function of the peak value f
the ac field Hac will be "
00 ¼ 0 for Hac <Hc1 and "00 ¼
#ðHac #Hc1Þ2=Hac for Ha * Hc1, where # depends on
the sample geometry and is related to the screening cur-
rents, according to the critical state model [17,19]. If a
static field is applied such that it exceeds H >Hc1, the
sample will be in the mixed state and for small fields "00 ¼
#Hac. In an isotropic superconductor, we could apply the
static field perpendicular to Hac and still put the sample in
the mixed state.
Figure 2 shows that, for the anisotropic UCoGe, the
internal static field along the c axis has the same conse-
quence. In the figure, "00 is plotted against the amplitude of
the applied driving field measured along the a and c axes
(at 75 mK and a frequency of 1.1 Hz). The data were
first taken by zero field cooling the sample in less than
5% 10#3 Oe, and then applying an ac field that was
increased slowly in small steps. The dashed lines are linear
fits to the data, which extrapolate to the origin. The same
measurement was also performed along the b axis with the
same results: for the a, b, and c directions,Hc1 could not be
detected, confirming that the sample is always in the mixed
state. From the slope of the lines, and taking into account
the sample geometry, estimates of the critical currents can
be obtained and are very low, 650 and 250 A=cm2, along
the a and c directions, respectively [17,19].
Notwithstanding the absence of perfect diamagnetism of
the Meissner state, the reversible expulsion of flux by the
Meissner-Ochsenfeld effect is present in UCoGe: it is
robust along the c axis but rather weak along the a and b
axes. An example of the effect is shown in Fig. 3(a), for an
applied field of 30 Oe along the c axis, where again the
ferromagnetic nature intervenes and modifies the results
due to the strong temperature dependence of the magneti-
zation in the ferromagnetic state.
As the temperature is lowered, the magnetization
increases until Ts, below which the magnetization decreases
by about 2%. Above 500 mK, the temperature dependence
of the magnetization can be well fit with the phenomeno-
logical function MðT;HÞ ¼ M0ðHÞ½1# ðT=T0Þ2'1=2, as
previously used for URhGe [6,15]. The dashed blue line
shown in the figure is a fit to the data from 500 mK to 1.2 K
with T0 ¼ 3:1 K. We can isolate the superconducting
behavior by subtracting the fit from the data points, as
shown in Fig. 3(b) for four different cooling fields.
Curves similar to Fig. 3(b), although much smaller in
magnitude, are observed along the a or b axes but with
FIG. 2 (color online). The imaginary part of the ac suscepti-
bility vs the amplitude of the a plied driving fi ld measured at
75 mK along the a and c axes at a frequency of 1.1 Hz. The
dashed lines are linear fits to the data that extrapolate to the
origin. The inset shows the real and imaginary parts of the ac
susceptibility vs temperature for the a axis in a driving field of
0.25 Oe at 1.1 Hz, where " has been converted to the percentage
of the signal one would expect after taking into account the
demagnetization corrections [21].
FIG. 3 (color online). (a) Field cooled magnetization measured
along the c axis at 30 Oe, showing flux expulsion below 500 mK.
The dashed blue line is a fit to the data from 500 mK to 1.2 K
(see the text). (b) c axis field cooled data, where the high
temperature fit has been subtracted off to reveal the supercon-
ducting part for each field. These curves are reversible and show
the expulsion of flux from the sample.
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(a)
(b)
(c) 
(d) 
Fig. 38. (Color online) Magnet z ti n curve of UCoGe in SC and normal
phases for H ‖ c. (a and b) Hysteresis cycle measured in the PM and SC
domains. (c) Field-cooled magnetization measured along the c-axis at 30 Oe,
showing flux expulsion below 500 mK. The dashed line is the extrapolation
to T = 0 K in the case of normal-phase behavior. (d) c-axis field-cooled data
after deduction of normal-phase contribution.119)
the SC state, which has a small Hc2 and is weakly sensitive
to deviation from θ = 90◦ for H ‖ c. The former SC state is
considered to be induced by critical FM fluctuations.
The strong reduction of the FM fluctuation for H ‖ c is
also clearly detected in the specific heat measurements shown
in Fig. 43, as well as in the field dependence of A. Compar-
ing the field dependence of γ between UGe2,47) URhGe,26)
and UCoGe26, 111) (Fig. 44), we see that the relative decrease
depends roughly on the ratio aH/TCurie. For UCoGe, in agree-
ment with the NMR data, the H dependence of γ is large for
H < 0.3 T.
5.4 Consequence on superconductivity: Hc2 data and mod-
eling
The direct consequence on SC is that the field dependence
of γ(Hc) will also lead to a drastic decrease in λ(Hc), driving
the usual upward curvature of Hc2(H ‖ c) due to the term
(dTSC/dλ)(dλ/dH) in the expression for Hc2111)(
dTSC
dHc2
)
= − 1
α0TSCm∗2
+
dTSC
dλ
dλ
dH
Fig. 39. (Color online) Temperature dependences of 1/T1T with field
along each crystalline axis. Data below 1 K were measured using a 3He-4He
dilution refrigerator. The Ising FM fluctuation along the c-axis grows below
50 K, where the resistivity along the c-axis becomes metallic, and remains
above TSC ∼ 0.6 K. The arrows indicate the temperature where the angle
dependence of 1/T1T in Fig. 40(a) was measured.
(a)
(b) (c)
Fig. 40. (Color online) (a) Angular dependence of 1/T1 at various temper-
atures. θ is the angle from the b-axis in the bc-plane. The curves show the
equation 1/T1(θ) = 1/T b1 cos
2 θ + 1/T c1 sin
2 θ, with 1/T b,c1 a constant value.
This curve can consistently explain the smooth variation at 20 K but not the
sharp angle dependence observed below 4.2, 1.7, and 0.6 K, which shows a
cusp centered at θ = 0◦. (b) Angular dependences of 1/T1 in the bc-plane
measured at three different magnetic fields at T = 1.7 K. (c) Plot of 1/T1
against the c-axis component of the field Hc = H sin θ.
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Fig. 41. (Color online) Hc dependence of magnetic fluctuations along the
c-axis
〈
(δHc)2
〉
at 1.7 and 0.6 K, extracted using Eq. (2). Hc2 determined
from χac is plotted against Hc = Hc2 sin θ, and the Hc region where su-
perconductivity is observable is shown by the yellow area. The relation〈
(δHc)2
〉
∝ 1/√Hc is shown by the dotted line
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Fig. 42. (Color online) Angular singularity in Hc2(θ) in (a) URhGe and (b)
UCoGe for H ‖ b ⊥ M0; note the collapse of the RSC of URhGe for θ = 5◦.
(c) Angular dependence of 1/T1 measured in UCoGe and URhGe for H ‖ b
in low-field scan.
Figure 45(a) shows how the Hc2 data for H ‖ c can be param-
eterized taking into account the field dependence of λ(H) on
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Fig. 43. (Color online) (a) T dependence of C/T in UCoGe at different
fields for H ‖ c. (b) H decrease of A in longitudinal scan (H ‖ M0 ‖ c) and
transverse scan (H ‖ b and H ‖ a)
TSC(m∗H) and Hc2 caused by the decrease in m
∗
H . Figure 45(b)
shows λ (H ‖ c) derived from the analysis of Hc2, from the
direct determination of γ, and from the phenomenological
model described later in Sect. 6. From NMR measurements
above TSC at 1.5 K, it was proposed that the FM fluctua-
tion 〈δHc〉2 decreased as
√
Hc; this Hc dependence will lead
to an infinite derivative of λ for H → 0 from the relation〈
(δHc)2
〉
∝ 1/√Hc.124) Measurements of the specific heat
down to TSC ∼ 0.7 K show that γ and thus λ initially decrease
linearly with increasing H. Thus, the H dependence of 1/T1
at intermediate temperatures is markedly enhanced, probably
owing to the strong coupling with the critical FM fluctuations.
As already underlined, for H ‖ b the consequence is that the
long-range FM along the c-axis will collapse for H∗b ∼ 12 T.
This estimation is in excellent agreement with the strong H
shift of the maximum of 1/T1T on approaching 12 T, which is
shown in Fig. 46. Furthermore, the strong increase in 1/T1T
at T = 2 K by a factor of 2 between H = 0 and 12 T [the
inset of Fig. 46(c)]125) is also in good agreement with the in-
crease in A by a factor of 1.8 (in a crude electronic model
with 1/T1T ∼ γ2 ∼ A). Parameterization of λ via Hc2 (H ‖ b)
(see Fig. 47) leads to an increase from λ ' 0.57 at H = 0
to λ ' 0.68 at H∗b; the estimation of γ(H∗b)/γ(0) ∼ 1.06 is
much lower than the value of 1.4 expected from 1/T1T or
A.111, 112) The strength of the ratio TCurie/TSC must be related
to the switch from the weak to the strong coupling condition.
Between URhGe and UCoGe, this ratio differs by one order
of magnitude (40 in URhGe compared with 3.8 in UCoGe).
As the magnitude of λ must be connected to the proximity of
the FM-SC instability (Pc), one may expect at H = 0 that λ
of UCoGe is greater than that of URhGe. The derivation of
λ via Hc2 gives the opposite result (λ = 0.75 in URhGe and
18
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Fig. 44. (Color online) Decrease in γ(H) as a function of H for UGe2,
URhGe, and UCoGe for longitudinal field scan (H ‖ H0.47, 55, 112) The de-
crease in γ(H) in UCoGe will lead to a decrease in λ(H) and the universal
upward curvature of Hc2 for H ‖ b.
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superconductors, UCoGe is in the clean limit. According to
standard Ginzburg-Landau theory, for a clean single-band
superconducting system dominated by the orbital limitation, the
upper critical field near Tsc is given by:
Horbc2 ! F02px2ðTÞ ! F03x20 1$
T
Tsc
! "
! F0k2B
0:1 ‘ vFh ið Þ2 Tsc Tsc$Tð Þ
ð2Þ
where we used the Bardeen–Cooper–Schrieffer (BCS) expressions
for the superconducting coherence length (x(T)¼ 0.7x0
(1$T/Tsc)$ 1/2, x0¼0:18 ‘ vFh ikBTsc , and vFh i is the average Fermi
velocity perpendicular to the field).
Taking account of the additional field dependence of l(H), the
initial slope of Hc2 dHc2=dT T¼Tscjð Þ can be calculated from
equation (2):
dHc2
dT
####
T¼Tsc
¼ dT
dH
####
orb
þ dTsc
dl
dl
dH
Þ$ 1
$
ð3Þ
According to equation (3), dHc2=dT T¼Tscj is determined both
by the usual orbital limit (first term on the right side), and by
an additional term dTscdl
dl
dH
% &
arising from the field dependence of
l. The idea for UCoGe is that this second term could
be dominant: a large negative dldH would lead to a much reduced
initial slope, so that the anisotropy of Hc2 could just reflect that of
the field suppression of the ferromagnetic fluctuations. Another
consequence of this dominant term is that the orbital effect
would play little role in the temperature dependence of Hc2,
opening new routes to explain the data of Fig. 1.
To study quantitatively this hypothesis of a field-dependent
pairing strength, we choose an new angle of attack: instead
of searching for a model that can reproduce Hc2(T), we
extract from the experimental data of Fig. 1a the field
and direction dependence of l required to reproduce them. For
this, we calculate Hc2 for a series of fixed values of the
pairing strength l, with the help of a simple strong-coupling
model for the upper critical field33 described in ref. 9
(details in the Methods). The parameters of this model are the
same as those of equations (1 and 2), but Tsc and Hc2 are
now calculated from a microscopic model, which also includes
the effective mass m* (or equivalently, the Fermi velocity)
renormalization by the pairing interactions derived from
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Figure 3 | Analysis of the field dependence of the pairing strength for
H//c in UCoGe. Filled circles: from the experimental Hc2 curve. Open
circles: from specific heat measurements. Lines: from equation (6), based
on magnetization measurements performed on the same sample: solid line,
for the optimized value of xmagkF¼ 3.2; dash-dotted line for xmagkF¼ 1
(localized magnetism). The low field regime of l(H) for H//b is also
presented. Squares: l from Hc2. Doted line: prediction from equation (6)
based on the measured field variation of TCurie.
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Figure 4 | Analysis of Hc2 of URhGe. (a) closed symbols, l(H) in URhGe
along b,c-axis. Data along b extracted from Hc2, data along c extracted from
the specific heat of ref. 44 (see Methods). Solid line: l(H) predicted by
theory in ref. 17 with xmagkF! 1. Open symbols: l(H) in UCoGe (same as in
Fig. 2a) for comparison. (b) Solid line: Hc2//c in URhGe based on l(H)
obtained from the specific heat (see Fig. 4a). Broken line: for comparison,
Hc2 with l fixed at l(0) (40% larger). Experimental data are from ref. 35.
Circles: H//c; Squares: H//b; Diamonds: H//a. Note the much weaker
anisotropy of Hc2 in URhGe compared with UCoGe (displayed on Fig. 1a).
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(a) (b)
Fig. 45. (Color online) (a) Universal upw rd curvature of Hc2(T ) for H ‖
M0 ‖ c in UCoGe. The Hc2(T ) curve is djusted by sel cting λ(H) and
TSC(λ(H)) point by point.111, 112) (b) Analysis of the field dep ndence of the
pairing strength for H ‖ c in UCoGe.111, 112) Filled (open) circles were es-
timated from the experimental Hc2 curve (from specific-heat measurement).
The solid line is a calculation of λ(H) derived from the magnetization mea-
surements.30, 51) The low-field regime for H ‖ b is presented by blue squares.
λ = 0.57 in UCoGe). We remark that the quasi-invariance of
TSC against pressure in UCoGe through Pc is not compatible
with the expected variation of λ(P→ Pc) or a McMillan-type
dependence. We again discuss the origin of this discre an y
in Sect. 6.
(c)
Fig. 46. (Color online) Temperature dependence of 59Co-NMR 1/T1T in
various fields along the (a) a-axis and (b) b-axis. (c) Field dependence of
TCurie determined by the peak of 1/T1T against temperature in the fields
along the a- and b-axes. The inset shows the field dependences of 1/T1T
measured by 59Co-NMR at T = 2.0 K (< TCurie). The dotted lines in the inset
are guides for the eye. While the field along the a-axis does not change the
magnetic properties, the magnetic field along the b-axis enhances the mag-
netic fluctuations.
5.5 Attempt to determine the order parameter
One of the reliable methods of determining the order
parameter is to measure the measurement of Knight shift in
the SC state. To estimate the spin susceptibility related to
superconductivity, the Knight shift at the Co and Ge sites
was measured. Figure 48 shows the 59Co and 73Ge Knight
shift along three directions in normal-state UCoGe.126) The
Knight shift along the i direction (i = a, b, and c) at the Co
and Ge sites is described as
mKi = mAiχspin,i + mKorb,i
(m = 59 for 59Co and 73 for 73Ge),
where mAi is the hyperfine coupling constant, χspin,i is the spin
susceptibility, and mKorb,i is the orbital part of the Knight shift.
The latter part is usually independent of temperature, and χspin
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Fig. 47. (Color online) Field dependence of λ(H) in UCoGe, for H ‖ c
longitudinal mode and H ‖ b and a transverse modes derived from the Hc2
analysis with the variation of λ as shown in the inset. See in Refs. 111, 112.
is no longer pure spin in an f electron system because of the
strong spin-orbit interaction, but we use the term “spin sus-
ceptibility” for simplicity.
Fig. 48. (Color online) 73Ge (closed symbols) and 59Co (open symbols)
Knight shifts measured at a central line (1/2 ↔ −1/2) with the field of 3
T parallel to the a (squares)-, b (circles)-, and c (triangles)-axes. The inset
shows the result along the c direction on a different scale.
When the field is parallel to the b- or c- axis, the Knight
shift at two sites shows the same behavior in a wide temper-
ature range. This indicates that the dominant temperature de-
pendence of the Knight shift can be attributed to the single
component of the spin susceptibility from the U-5 f electrons,
and that the simple treatment of the Knight shift described
above is valid even in a 5 f electron system since the sys-
tem has a large spin susceptibility and the temperature de-
pendence of Korb is relatively small. The hyperfine coupling
constants of 73Ge are estimated from the linear relations and
are ∼ 0.9 times those at 59Co, suggesting that the U-5 f elec-
trons couple to the 59Co and 73Ge nuclei almost equally. When
the field is parallel to the a-axis, the temperature dependence
of the Knight shift at both sites is relatively small. This re-
sult suggests that the spin susceptibility along the a-axis is
much smaller than those along the b- and c- axes since mAi
is considered to be isotropic in this system. Note that the
magnitude of the 59Co Knight shift along the a-direction in
URh0.9Co0.1Ge at low temperatures [59Ka ∼ 3.5 (2.8)% in
URh0.9Co0.1Ge (UCoGe)] is a similar value to that of UCoGe,
although the difference in 59Kb is huge [59Kb ∼ 18 (4.1)% in
URh0.9Co0.1Ge (UCoGe)]. This suggests that the spin suscep-
tibility along the a axis in URhGe is also negligibly smaller
than those along the b- and c-axes, in good agreement with
the susceptibility and M(H) data shown in Figs. 9 and 10.
The Knight shift in the SC state was measured in various
fields along the a- and b-axes. Figure 49 shows the temper-
ature dependence of 59K and the Meissner signal below 1 K.
The deviation from 59K at T = 1 K [∆K ≡ K−K(1 K)] is plot-
ted since, as pointed out above, the NQR measurement shows
that the whole region of the same single-crystal sample is in
the FM state below 1 K.115) In the normal state, ∆K increases
with decreasing temperature, following the development of
the FM moments. At µ0H = 1 T for H ‖ a and µ0H = 0.5 T
for H ‖ b, the increase in 59K looks small or saturates around
the SC transition temperature, below which the diamagnetic
signal appears (vertical dotted lines in Fig. 49). The extrapo-
lation of 59K is determined from the linear fit of 59K from 1
K to TSC, which is thought to give the upper limit of 59K at
T = 0 K. Therefore, the derivation from the linear extrapo-
lation of 59K, δKa,b, which is the maximum value of the sup-
pression of 59K due to the occurrence of superconductivity, is
estimated to be less than 0.05%. The tiny amount or absence
of 59K suppression below TSC excludes the spin-singlet pair-
ing state, since an appreciable decrease in the Knight shift,
which is of the order of 10−1 ∼ 2%, is expected in Kb when
the spin-singlet pairing is formed. Actually, a clear decrease in
the Knight shift was reported in the U-based superconductor
UPd2Al3, which is a spin-singlet superconductor coexisting
with the antiferromagnetism.127, 128) For a spin-triplet super-
conductor, the spin component of the Cooper pair is expressed
by the SC d vector, which is defined to be perpendicular to the
spin component of the Cooper pair, and the Knight shift de-
creases below TSC when H is applied parallel to the d vector
fixed along a certain crystal axis. However, the situation is not
so simple in the present FM superconductors. It was pointed
out that the decrease in the Knight shift will be reduced when
there is spontaneous magnetization (Mc), which splits the up-
spin and down-spin bands significantly.129) Thus, Knight shift
measurements in the SC state without the FM ordering, which
is achieved under pressure, are crucial to determine the SC d
vector. These measurements are now in progress.
Thermal conductivity in the normal and SC phases of FM
UCoGe130) was carefully measured in a situation far from
very clean material conditions. In the normal phase, the strong
anisotropy of κ is in excellent agreement with the Ising nature
of the magnetic fluctuations and thus provides extra proof of
the strong itinerant character of the magnetism of UCoGe. In
the SC phase, rather isotropic behavior of κ/T was observed,
presumably governed by the dominant isotropic impurity ef-
fect. More fascinating behavior131) was recently reported in
the determination of Hc2 detected by from the resistivity (ρ)
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Fig. 49. (Color online) Temperature dependences of 59Co NMR Knight
shift and Meissner signal for H ‖ a, b below 1 K. The change from the value
at 1 K [∆K ≡ K − K(1 K)] is shown. The blue lines in the top two figures are
the extrapolations of the linear fit between TSC and 1 K. The vertical dotted
lines indicate the onset of the superconductivity probed by the measurements
of the ac susceptibility χac.
and thermal conductivity in a transverse field Hb scan. As
shown in Fig. 50, close to the field H∗b where TCurie collapses,
the anomalous difference between κ and ρ is associated with
a drastic decrease in the SC resistivity broadening detected
from a gap. The concomitant features have led to the proposal
of a field-induced vortex liquid phase coupled to a change in
the SC order parameter.
FIG. 1: Hc2 for H//b of UCoGe, probed with thermal conductivity (red circles, shown
already in Ref.[22]) and resistivity (blue triangles for Tρ=0 and purple triangles for the
onset), measured on sample #1.
residual resistance ratio (RRR) of 16. κ has been measured down to 150 mK in a dilution
refrigerator, and in magnetic fields H//b up to 15 T. We used the usual one-heater-two-
thermometer method, and 15 µm diameter gold wires, spot-welded on the sample, to realise
the thermal links. The temperature rise was limited to ∼ 1%. Four-wire ac-resistivity
measurements were performed at the same time, through the same gold wires, allowing
direct comparison of thermal and charge transport. A two-axis Attocube piezo alignment
system (a goniometer ∼ ±3◦, and a rotator ∼360◦), has been used to orient in-situ the
sample b-axis along the magnetic field (with a sensitivity better than 0.05◦), by optimizing
the Tsc of the resistive transition under field. Resistivity has also been measured on a second
single crystal (#2, RRR 35, same growth technique and same geometry) for magnetic fields
up to 16 T for H//b.
Figure 1 presents Hc2 for H//b obtained from thermal conductivity and resistivity mea-
3
Fig. 50. (Color online) Hc2 in H ‖ b scan for UCoGe probed by thermal
conductivity (κ) (red circles) and resistivity (blue triangles for Tρ=0 and pur-
ple triangles for the onset of SC).131) The results indicate a possible change in
the vortex liquid phase for H > 7 T associated with a rotation of the SC order
parameter. Note also that the broadening of the resistive transition decreases
by a factor of approximately 3 after the crossing of κ and ρ curves.
5.6 Entering the PM regime under pressure
The application of pressure puts the UCoGe system in the
PM region when TCurie = TSC.50–52, 132) SC survives far above
Pc ∼1 GPa up to Ps ∼4 GPa.52) In a large P window close
to Pc up to Ps, the Fermi liquid regime (AT 2 in resistivity) is
masked by the occurrence of SC (Fig. 51); the characteristic
spin fluctuation energy appears to remain low. Analysis of Hc2
under pressure shows that the strong enhancement of Hc2 for
H ‖ b collapses at Pc. The unusual field dependence of λ for
H ‖ c decreases slowly with increasing P (Fig. 52). The up-
ward curvature of Hc2 for H ‖ c survives very close to Ps and
far from Pc. The corresponding variation of λ(H) with p for
H ‖ c is shown in Fig. 52.52, 132) The variation of Hc2 through
Pc does not support the proposal133) that in the vicinity of Pc,
a switch from type II SC to type I SC may occur. The collapse
of M0, and thus of Hint, leads to the disappearance of the SIV
state, as observed already in NQR experiment. Note that no
Pauli depairing effect was observed even in the pressure re-
gion above Pc along the b axis (Fig. 52). This implies that the
SC d vector is perpendicular to the b-axis, and thus along the
a-axis with high possibility, at least when the magnetic field is
near Hc2 along the b-axis. To confirm this and determine the
SC d vector thoroughly, it is important to measure Hc2 along
the a-axis above Pc and the Knight shift under pressure.
Fig. 51. (Color online) Contour plot of the resistivity exponent n of UCoGe
as a function of T and P in the SC and FM domains. When SC collapses,
Fermi liquid behavior (n ∼ 2) is recovered below TFL.52, 131)
6. Theory
Progress has been realized in clarifying the link between
FM fluctuations, the order of quantum criticality, and SC pair-
ing. The difficult issue remaining is the description of the
strong-coupling case in UCoGe when TCurie becomes com-
parable to TSC. Special focus is given to different theoretical
approaches to explaining the RSC of URhGe. The main ap-
proaches are based on the field dependence of the magnetic
coupling. A recent attempt involved determining how the shift
of the electronic sub-bands with H modifies the SC pairing.
Finally, particular phases may enter the class of topological
superconductors.
6.1 Quantum criticality: TCP, QCEP
Different theoretical approaches to studying AFM and FM
quantum critical points (QCPs) assuming a second-order tran-
sition at Pc (M0 will collapse continuously at Pc) can be found
in Refs. 134–136. However, taking into account the nonana-
lytic term in the free energy, the compressibility, and the in-
teraction with acoustic phonons, a phase transition can switch
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Fig. 52. (Color online) (a)-(h) Hc2 of UCoGe for H ‖ c and H ‖ b below PC ∼ 1GPa and above PC. Note the collapse of the upward curvature of Hc2(H ‖ b)
above PC. (i) Enhancement of Hc2 for H ‖ c up to 3.9 GPa. (j) λ(H) derived for H ‖ c from Hc2 calculation at different pressures.52, 131)
the QCP to the TCP.135, 137) A generalization of the idea given
by Larkin and Pikin has been proposed recently,138) with the
conclusion that for a first-order transition, quantum criticality
will be restored by zero-point fluctuations.
It was shown for UGe2 that under pressure,84) a TCP ex-
ists, in agreement with the experimental results. This is also
the case for URhGe as H approaches HR in an H ‖ b scan,
and it has already occurred for UCoGe at P = 0. At least,
the theory for a clean three-dimensional itinerant ferromag-
net predicts PTCP < Pc.139) The possibility of an intermediate
state below the TCP140, 141) has been stressed if a drastic FS
reconstruction drives a change in the nature of the interaction
itself. Figure 53 shows the data with the prediction82) based
on long-wavelength correlation effects. Poor agreement with
the predictions139) has been previously obtained. Recently, a
microscopic approach to UGe2142) led to the main features of
the CEP, Hx, Hc, TCP and QCEP being obtained even a good
evaluation of the QCEP..142) A key ingredient to obtain two
FM2 and FM1 phases is to start with a two-band mode; quan-
tum critical fluctuations are coupled to the instability of the FS
topology. Changes in the topology of the FS via the Lifshifz
transition were considered first in Ref. 80.
The feedback between the localized and itinerant duality
of 4 f or 5 f electrons leads to spin dynamics different from
those in 3d itinerant systems.89, 123) It was demonstrated that
the residual damping detected in an inelastic neutron scatter-
ing experiment on UGe2 is a mark of the duality.143, 144)
6.2 Superconductivity
In a magnetic medium, an attractive pairing between elec-
trons at sites r and r′145) can be mediated by FM interactions.
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Fig. 53. (Color online) Measured and theoretically calculated TCEP in
UGe2.67, 82, 95, 142)
In the case of a triplet state, the interaction is
V(r − r′) = −C
∑
α,β
S j,αχα,β(r − r′)Si,β,
where χα,β is the static susceptibility, and Si and S j are the
spins at sites r and r′, respectively.146) The coexistence of p-
state superconductivity with itinerant ferromagnetism14) was
discussed in the framework of a Hubbard-type exchange in-
teraction I corresponding to a Stoner enhancement factor of
S = (1 − I)−1; a maximum of TSC was found on both sides
of I = 1 (at Pc), but TSC decreases to zero at Pc. It was
pointed out that this collapse is an artificial consequence of
the approximation; TSC(Pc) is determined by low- but fixed-
energy spin fluctuations.147) Breakdown of the coexistence
of singlet superconductivity and itinerant ferromagnetism for
the same electrons was emphasized in Ref. 147. The possible
existence of triplet superconductivity in an almost localized
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Fermi liquid frame was pointed out in Ref. 148. The possibil-
ity of maintaining a high C/T term below TSC was stressed
in Ref. 149. Pairing gaps near an FM QCP were discussed in
Ref. 150 for two-dimensional itinerant FM systems: a super-
conducting quasi-long-range order is possible according to an
Ising-like hypothesis but will be destroyed in Heisenberg fer-
romagnets (the case of ZrZn2 is now accepted to be non super-
conductivity151)). To justify that superconductivity in UGe2
occurs only in the FM phase, it was proposed that a cou-
pling with FM magnons will boost TSC in the FM state;152–154)
however, experiments failed to detect any magnons. Magneti-
cally mediated superconductivity with AFM and FM coupling
near their magnetic instability was calculated in the quasi-two
and three dimensional models.15) The results are shown in
Fig. 54, where ξm is the magnetic coherence length, which
diverges at Pc. For large ξm, we are very far from the McMil-
lan formula used in the previous analysis of the experimen-
tal results. However, the collapse of FM through a first-order
transition leads to a finite value of ξm at Pc, and thus a good
description of TSC is recovered with the McMillan formula
TSC ∝ exp (−1/λ) when ξm approaches a distance of a few
atomic distances.
Just after the discovery of SC in UGe2, a model where lo-
calized spins are the source of singlet pairing for the quasipar-
ticles was presented.155, 156) However, two decades of experi-
ments rule out this possibility.
1/ξ( m 2) (arb.unit) 1/ξ( m 2) (arb.unit)
Fig. 54. Variation of TSC/Tsf as a function of ξm for two and three di-
mensional models for p-wave pairing provided by FM fluctuation (Tsf : spin-
fluctuation temperature)
After the discovery of superconductivity in UGe2 and
URhGe, the symmetry of the triplet SC states in these or-
thorhombic materials was proposed. If the S z = 0 compo-
nent is negligible (equal spin pairing), the two superconduct-
ing states are the A state with a point node along the z easy
magnetization M0 axis and the B state with a line node in the
(x, y) plane.30) Experimentally, there is no convincing proof of
the A and B states. One of the difficulties is the already dis-
covered SIV state. In addition, the purity of crystals may be
too low to avoid dominant impurity effects at very low tem-
peratures.
The main aspects of FM superconductivity are well de-
scribed in the framework of BCS weak-coupling theory30)
with the pairing interaction expressed through the static mag-
netic susceptibility of an FM medium with orthorhombic
anisotropy. Such an interaction in anisotropic ferromagnet
was discussed in Ref. 144. The key results are:
(1) the magnetic field dependence of the pairing interac-
tion,157)
(2) the prediction that TCurie decreases as H2 in H transverse
scan,158)
(3) RSC near TCP with TSC(HR) ∼ (1/2)TTCP,159)
(4) the drop of TCP with σ associated with that of HR.160)
The proposal of a change of the order parameter around Pc
(see Ref. 30) is actually very difficult to verify experimentally.
6.3 Special focus on Hc2 and H dependence of the pairing
strength
We will present the different models developed to explain
the unusual shape of Hc2. The first three proposal deal with the
magnetism: the SC pairing is given by spin interactions. The
last one shows the effect of FS reconstruction on the pairing.
As indicated in the sections on URhGe and UCoGe, com-
parisons have been made between the λ values derived from
Hc2 analysis111, 112) and those predicted theoretically in the
previous Landau approach.157) The calculated variations of
λ(Hc) and λ(Hb) are
λ(Hc) = λ(0)
[
1 + (ξmagkF)2
]2[
3M2z
2M20
− 12 + (ξmagkF)2
]2
and
λ(Hb) = λ(0)
[
1 + (ξmagkF)2
]2[
TSC−TCurie(H)
TSC−TCurie(0) + (ξmagkF)
2
]2 ,
respectively, where ξmag is the magnetic coherence length and
kF is the Fermi wave vector. When the 5 f itinerant charac-
ter dominates, ξmagkF > 1. Excellent agreement is found be-
tween the field dependence of the magnetization (see Fig. 45)
at low temperatures and λ(H ‖ c) determined by compari-
son with the experiments. The respective values of ξmagkF for
URhGe and UCoGe are linked to the size of M0. For H ⊥ M0
in UCoGe, the derivation of λ (Fig. 47) does not agree with
the data derived in the normal phase from NMR and trans-
port measurements (see Sect. 5).111, 112) When TCurie ≤ TSC, a
strong-coupling approach is necessary and, a McMillan rep-
resentation of TSC is certainly not correct. The agreement be-
tween experiments and theory for H ‖ c indicates that in lon-
gitudinal H scan, no drastic change in the coupling conditions
occurs, that is, the perturbation is weak.
The RSC in URhGe was explained by a microscopic
model,161) where in a transverse magnetic field, soft magnons
generate a strong attractive interaction on approaching HR
with the change in the spin components of the Cooper pair.161)
The FM XXZ model describes the coupling of localized mo-
ments, and the interaction of magnons and conduction elec-
trons is mediated via anisotropic AFM coupling. The lowest-
order fluctuations yield a magnon quasiparticle interaction. In
agreement with the experiments, two domes are found for the
SC domain. Figure 55 shows the prediction of TSC with the
pairing interaction expressed through the static susceptibil-
ity of the FM medium with the orthorhombic anisotropy (see
Chapter IV in Ref. 146 for isotropic ferromagnets). As shown
in Fig. 32(a), the RSC domain above HR is quite narrow in ex-
periments. This is due to the suppression of FM fluctuations
by Hb. This effect is not taken into account in the model.
On the basis of mainly on NMR results, the supercon-
ductivity in UCoGe was analyzed in a model calculation
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Fig. 55. Appearance of two SC domains in the duality between c and b
easy magnetization axes described in the framework of soft magnons, which
generate a strong attractive interaction on approaching HR.161) However, in-
consistency is observed in the field region above HR.
when longitudinal FM fluctuations induce the spin-triplet
pairing.124, 162) The Ising FM fluctuations are described by the
susceptibility
χz =
(
δ(Hc) + q2 +
ω
γq
)−1
,
where γ is the Fermi velocity and δ(Hc) indicates the fluctua-
tions taken at this time, given as 1 + c
√
Hc/H, from the NMR
data.124) Good agreement was found for the A state, as shown
in Fig. 56. Experimentally, we have already pointed out that
the
√
Hc dependence is not obeyed at low temperatures.
Fig. 56. (Color online) Calculation of Hc2 in UCoGe for H ‖ a and H ‖ c
using NMR results.162)
Magnetism and superconductivity in UCoGe were recently
revisited with aim of explaining the a-b anisotropy of Hc2 with
special focus on the Dyaloshinskii-Moriya interaction pro-
duced by the zigzag chain structure of UCoGe.163) In agree-
ment with the phenomenological model, the unusual S shape
of Hc2 is linked with the enhancement of FM fluctuations ow-
ing to the decrease in TCurie. Rotation of the d vector of the
order parameter is a noteworthy feature. Figure 57 shows the
Hc2 predictions for H ‖ a and H ‖ b.
To see the effect of FS instability on phenomena such as
RSC, the first step is to develop a two-band model with a
field-induced instability for RSC in URhGe. Quite recently,
Fig. 57. (Color online) Calculation of Hc2 in UCoGe for H ‖ b and H ‖
a, taking into account the Dyaloshinski–Moriya interaction created by the
zigzag chain structure.163)
such an approach was made to derive the effect of a Lifshitz
transition on SC.164) Attention was given to the H-induced
Lifshitz transition inside a minimum frame of two bands with
unequal dispersions and band minima. The band shifts with
the field, as shown in Fig. 58. A Lifshitz transition occurs at
HL when the spin-up branch of band 2 reaches the chemi-
cal potential; the relative motions of bands 1 and 2 lead to
the maximum of χ0 and m∗ being located at HR = 1.5HL.
Eliashberg treatment for the superconductivity shows that the
H enhancement of m∗H drives the increase in TSC(m
∗
H) with-
out an orbital effect; upon adding pair-orbital breaking at Hc2,
an RSC domain appears as shown in Fig. 58 (see Fig. 31 in
Sect. 4). This inconsistency was seen in the field range above
HR, as in the case shown in Fig. 55
Fig. 58. (Color online) Phase diagram of URhGe for H ‖ b. The experi-
mental data are shown by red triangles. The solid line is the fitting by the
model. The inset shows the schematic description of two electron bands sep-
arated by K0, which are shifted up increasing the Zeeman energy.164)
From comparison with the experiments, the FS topology
should be known. A few quantum oscillation experiments
have been reported for H ‖ b. In the first one, a misalignment
of θ ∼ 12◦ allows us to escape from RSC;107) a frequency of
600 T was observed, which collapses exactly at HR. This dis-
appearance was the first evidence of a possible Lifshitz tran-
sition. It was hypothesized that it leads to reduction of the SC
coherence length as the Fermi velocity vanishes, and thus to
the recovery of SC; no proof was given that this selected orbit
plays a key role in the SC pairing. In a rigid frame, the contri-
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bution of this orbit is only 2% of the total FS volume. How-
ever, in this highly correlated multiband system, the recon-
struction of one subband reacts to that of the other. In a second
experiment with the crystal perfectly aligned along the b axis,
one frequency was detected at around 200 T below HR and
two frequencies were detected, at 600 and 1200 T above HR.
A detailed experimental detection of the FS below and above
HR is missing. TEP measurements (see Fig. 29) indicate that a
Lifshitz transition occurs in a sharp window through HR (not
in a large domain). Specific heat measurements show that the
increase in m∗ starts near HR/1.5.55) The interplay between FS
and FM instability is obviously stronger than that described in
the model. Clearly, this frame is valid in the sense that for a
given magnetic polarization (reaching a critical value of the
magnetization), a Lifshitz transition drives the enhancement
of m∗, in good agreement with the scaling observed in pres-
sure and uniaxial experiments (see Sect.. 4.3).
6.4 Possible topological cases
The symmetrical and topological properties of FM super-
conductors were stressed in Refs. 165–167 for the SC-PM
phase of UCoGe with the remark that the superconductivity
here will be the electronic analog of the B phase of 3He. It
was emphasized that UCoGe is an excellent candidate for un-
conventional SC with hidden protected line nodes.166) It was
proposed that the SC-PM phase is a promising candidate for
Z4 nontrivial topological nonsymmorphic crystalline SC.168)
A comparison with 3He was also made in Ref. 29.
7. Fermi Surface and Band Structure
An open question is why FM triplet superconductivity has
so far been restricted to U compounds. A key point of interest
is whether future experiments and band-structure calculation
will converge towards a clear view of the interplay between
FS topology and SC pairing.
There are similarities among Ce, Yb, and U intermetallic
compounds. However, major differences exist in the Coulomb
repulsion (U), spin orbit (HSO), crystal field (CF), and hy-
bridization directly linked to the localization of the f elec-
trons.169) Typical values for these parameters for a lanthanide
(La) and actinide (Ac) are listed in Table IV with the unit of
eV. Hex is the order of magnitude of exchange coupling. In
the case of U, as the hybridization is strong like Ce and Yb,
Kondo coupling pushes the system close to magnetic instabil-
ity. Up to now, no SC has been found in FM Ce or Yb com-
pounds. The specificity of U compounds as well as the role of
the zigzag configuration in these three compounds must to be
clarified. From the rather high values of TSC of the actinide
heavy-fermion compounds [PuCoGa5 (TSC = 18.5 K)170) and
NpPd5Al2 (TSC = 4.9 K)171)], the specificity of the U band
structure may favor the observation of SC at a moderate tem-
perature.
Up to now, the main features of the electronic struc-
ture have been revealed by soft X-ray photoelectron spec-
troscopy.172) Despite the debate between the localized and
itinerant description of the 5 f electrons,33) the itinerant treat-
ment of the 5 f -U state is required to analyze the experiments
focusing at the Fermi level. Similarities and differences be-
tween ARPES experiments and LDA band calculations are
discussed in Ref. 172. Because of the low symmetry of the
orthorhombic crystals and the different sites of the U atoms
Table IV. Typical values for Coulomb repulsion (U), spin orbit (HSO),
crystal as above field (CF), and exchange coupling (Hex) for lanthanide (La)
and actinide (Ac). The unit of these energies is eV.
La Ac
U 20 10
HSO 0.1 0.3
CF ≤ 0.01 0.01–0.1
Hex 0.001–0.01 0.01
in the lattice, the calculation of the FS topology is notoriously
difficult. Figure 59 shows the FS topology obtained with rela-
tivistic linear augmented plane waves within the LDA. UGe2
is a model with a large carrier concentration, while URhGe
and UCoGe can be considered semimetals.
As already pointed out, the FS of UGe2 has been inves-
tigated via elegant quantum oscillation experiments, notably
for the FM2 and PM phases. The agreement with band struc-
ture calculations remains poor.70, 173) Measurements of the
magnetic form factor65, 174) conclude that the ratio mL/mS of
the orbital moments to the spin moments increases on switch-
ing from FM2 to FM1, whereas the theory predicts a decrease.
At least in UGe2, a sufficient numbers of frequencies of the
orbits on the FS have been determined to improve the calcu-
lations.
The band structure in the FM phase of URhGe was first de-
termined by the local spin density approximation (LSDA)175)
with the proposal of an additional AFM component. How-
ever, neutron scattering experiments ruled out this possibil-
ity.57) ARPES measurements above and below TCurie suggest
a small change in the band structure between the PM and FM
phases.176) Clearly, experimental progress must be made in
this area to give a sound basis for future calculations.
In the case of UCoGe, the first study was on combining
density functional theory (DFT) and the Kohn–Sham equa-
tion with fully relativistic self-consistent resolution,177) but
the proposal of a large moment carried by the Co sites dis-
agrees with the NMR results116) and with other measure-
ments.117, 130) A similar DFT approach178) gives an FM mo-
ment of 1.35 µB/U, far above the experimental value of 0.06
µB/U. Another calculation was done by resolving the Kohn–
Sham–Dirac equation.179) The predicted FM moment (0.47
µB/U ) is basically one order of magnitude higher than the
measured one; an interesting feature is the large difference
between FM and PM FSs.
An interesting feature in UCoGe is the cascade of field-
induced Lifshitz transitions for H ‖ c much higher than
Hc2.180) For H ‖ b at µ0H∗b ∼ 12 T, preliminary TEP mea-
surements also suggest also a Lifshitz transition in this con-
figuration;181) confirmation is required using a high-quality
crystal. Note that dichroism measurement confirms that in
UCoGe,130) in agreement with ARPES, the U 5 f electron
count is close to 3; the Co 3d moment induced by the U
moment is only 0.1 µB at 17 T, In URhGe, no evidence has
been found for a change in orbital and spin components across
HR.182)
8. Conclusion
In the U compounds discussed in this review, equal spin-
triplet pairing has been established via a large variety of ex-
periments. The important difference between the three ma-
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Fig. 59. (Color online) Fermi surfaces (FSs) of (a) UGe2, (b) URhGe, and
(c) UCoGe in their PM phase according to Ref. 172
terials is the magnitude of ordered moments, leading to dif-
ferent (T, P) phase diagrams. All materials show strong Ising
anisotropy and a switch from a second- to first-order transition
at the TCP. In spite of the first order transition, the relatively
low temperature of the TCP preserves the FM fluctuation and
the interplay with the FS instability. This may play an im-
portant role in the realization of superconductivity. Note that
URhGe is a special case of an “Ising” ferromagnet because of
the weak anisotropy between the b- and c-axes, retaining only
hard magnetization along a-axis. Taking into account the fact
that the combined FS topology and anisotropy of the local
contribution of the magnetism governs the Ising character, for
URhGe at a low field, a specific subband may play a dominant
role in the Ising character a SC pairing, and another subband
may dominate the physical properties around HR (a key role
of the Lifshitz transition).
In UCoGe, owing to the low energies involved in the renor-
malization of the quasiparticle, the magnetic field modifies
the strength of the FM fluctuation with a strong decrease for
H ‖ M0 ‖ c and an increase for H = H∗b ⊥ M0. In both
UCoGe and URhGe, a transverse field scan (H ⊥ M0) leads
to the collapse of TCurie for H ∼ H∗b.
URhGe exhibits a singular situation realized by the switch
of the easy-magnetization c- axis to the b-axis at H = H∗b =
HR. RSC is a remarkable phenomenon directly linked to the
TCP and to the wing structure in the (Hb,Hc) plane. RSC dis-
appears exactly when the QCEP is reached. Quantum oscil-
lation and TEP experiments indicate that Lifshitz transition
is coupled to the variation of the FM fluctuation. Scaling in
m∗(HR)/m∗(0) as a function of H/HR is a signature that the
H-induced magnetization along the b-axis reaches a critical
value at HR. URhGe belongs to a large class of compounds
with an H-induced transition driven by a Lifshitz transition
such as CeRu2Si2, for example. Further experiments are re-
quired to confirm that the Lifshitz transition occurs close to
H∗b in UCoGe.
UGe2 is an example of a clean superconductor with simul-
taneous FS, FM, and PM instabilities. An experimental para-
dox is that despite the realization of very clean crystals, the
intrinsic boundary of SC in the FM domain remains poorly
determined.
In pressure experiments, the details of the various instabili-
ties when TCurie < TSC are yet unresolved owing to the strong
decrease in TCurie towards Pc. It is a major experimental chal-
lenge to select an accurate tool at pressure in the vicinity of
Pc to monitor changes in TCurie, M0 and Tsc. A transverse field
scan is an elegant way to reach this boundary.
The theory has been focused on explaining the experi-
ments. Many properties are explained by a phenomenologi-
cal weak-coupling approach without consideration of the FS
reconstruction even the FM criticality. Up to now, there has
been no global consideration combining the FM wing struc-
ture, the additional Lifshitz transition, and the consequence on
superconductivity, notably above the QCEP. A sound view-
point may be given by remarks on unconventional quantum
criticality (see Ref. 183). Recently for URhGe, a crude two-
band model has shown the key role of a field induced-Lifshitz
transition in the enhancement of m∗ and in RSC. Combined
progress in band structure calculation and in FS determination
should be realized, Here, we have not discussed the selection
of a given SC order parameter (between A and B) since a new
generation of experiments must be performed to resolve the
choice. Experimental observation suggests a change in the SC
order parameter with H in the transverse field scan of URhGe
as well as in a similar scan of UCoGe at HR and H∗b.
A major interest in these three FM-SC uranium compounds
is that the origin of the pairing (FM fluctuations) is well es-
tablished and that its strength can be tuned easily in H, P
and σ scans. In comparison with other SCs in the class of
strongly correlated electronic systems (cuprates, pnictides,,
etc.), a negative point is the complexity of their multiband
structures. High-Tc cuprates with their initial single-band cal-
culations appear to have a simple band structure.184) How-
ever, it took two decades to show that the observed frequency
at 530 T occupies 2% of the first Brillouin zone in the un-
derdoped regime185) and four years of active research to es-
tablish that this nodal electron Fermi pocket is created by a
charge order.186, 187) In iron-based superconductors, as three
orbitals, dxy, dyz, and dzx, contribute to the electronic states
at the FS,188) the multiband character plays an important role
in the pairing. Often quantum oscillation studies give a full
view of the FS.187) An illustrative result is the report of orbital-
selective Cooper pairing in FeSe. An interesting development
is the creation of spin-triplet Cooper pairs at SC interfaces
with FM materials and their use in superconductivity spin-
tronics.189)
Despite the fact that studies on FM-SC have been restricted
to a few groups, key results have been discovered that impact
on considerably different materials including high-Tc, pnic-
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tide, organic superconductors and a quantum liquid (3He). A
basis has been given for the interplay between FS instability
and FM fluctuations.
The microscopic coexistence of FM and SC has so far only
been found in uranium compounds (UGe2, URhGe, UCoGe,
UIr190)) despite a long search for new materials. This is prob-
ably due to the unique characteristics of the 5 f electron in the
U atom. It is known that the 5 f electron has an intermediate
nature between 3d and 4 f electrons, in other words, duality of
the itinerant/localized character, leading to strong electronic
correlations. Furthermore, the strong spin-orbit coupling fa-
vors the Ising anisotropy of FM. These two factors might be
quite important for FM superconductors. If one can tune the
strong correlation and the strong spin-orbit coupling by, for
example, the crystal structure, 5d electrons, or other artifi-
cial controls, a new FM superconductor with novel properties
might be discovered.
Looking at the number of publications, the subject of FM
superconductivity in U compounds appears to be marginal
(350 publications) compared with cuprate superconductors
(65000 publications) and Fe-based superconductors (already
5000 publications). In the class of heavy-fermion supercon-
ductors, the numbers of publications are similar for CeCoIn5,
UPt3, and CeCu2Si2, which have, respectively 321, 576, and
230 articles with the compound name plus superconductivity
in the title. We hope that the reported data will clarify key
issues in the general understanding of unconventional SC in
strongly correlated electronic systems, which should be fur-
ther examined by investigating the physical properties of other
materials. The case of FM triplet superconductivity has of-
ten omitted and AF coupling as a source of SC pairing has
mostly been discussed (see, for example, Ref. 191). Research
should meet the interests of researchers. The complexity of
5- f electron behavior commonly observed in low-symmetry
crystals may repel researches who only like pure initial con-
ditions. Fortunately, using few renormalized parameters, the
complexity vanishes and new territory is reached.
The hope is that an ideal material that is easy to grow, easy
to purify, easy to cleave, and easy to model with a unique U
atom and a high-symmetry structure will be discussed..
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Note added in proof
Just during reading of our final proof, a stimulating dis-
covery of the superconductivity in the dichalcogenide UTe2
with TSC ∼ 1.5 K at ambient pressure was reported,192) which
is located on the PM verge of the FM instability. A large
residual Sommerfeld coefficient far below TSC, approximately
half of the normal-state value, was observed, which pushes to
the proposal of a spontaneous half gapped superconductivity.
This statement deserves to carry out careful measurements on
the dependence of the specific heat with the material purity. It
is clear that this discovery open a large variety of studies in the
already known rich family of uranium dichalcogenide.193–197)
UTe2 is an excellent promising compound to clarify the inter-
play of ferromagnetism and SC in the PM side near the FM
quantum instability.
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